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INTRODUCTION. 

Fob few papers published, by the Institution has there been a more constant 
demand than for the memoir by Professor Henry Draper, entitled “On the Con- 
straction of a Silvered Glass Telescope,” originally issued forty years ago, in 1864. 

The paper is of remarkable merit as a summary of, and an addition to, the 
knowledge existing at the time, but during the long interval which has elapsed, 
progress has been made in various directions and by various hands. 

On the occasion of a new edition of this classic memoir, it was sought to give 
an account of the latest knowledge on the subject, and I was gratified to be able 
to obtain from Mr. Ritchey, whose labors in this direction are so well bown, an 
account of the processes which he has employed for making the great mirrore that 
have been so effective at the Yerkes Observatory, and it has been decided to re- 
publish, with the original Draper memoir, but as an entirely independent con- 
tribution to the subject, the present article by Mr. Ritchey. 

The great refracting instraments which have been produced in recent years 
have not superaeded the use of the reflector, which, on the contrary, is occupying a 
more and more important place. 

The reader is here presented with the most recent methods and results needed 
in the construction of great mirrors for modern refiecting telescopes. 

S. P. LmiET, 

S&^retary of the Smithsonian Institution. 


Washington, June, 1904. 
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AN ACCOrNT 


OF 

, THE CONSTEUCTION MD TSE OF A SttYEEEI) GUSS TELESCOPE. 


The construction of a reflecting telescope capable of showing every celestial 
object now known, is not a very difficult task. It demands principally perse- 
verance and careful observation of minutiic. The cost of materials is but trifling 
compared with the result obtained, and I can see no reason why silvered glass 
instruments should not come into general use among amateurs. The future hopes 
of Astronomy lie in the multitude of observers, and in the concentration of the 
action of many minds. If wliat is written here should aid in the advance of that 
noble study, I shall feel amply repaid for, my labor. 

A short historical sketch of this telescope may not be uninteresting. In the sum- 
mer of 1857, 1 visited Lord Rosse’s great reflector, at Parsonstown, and, in addition 
td ^ Inspection of the machinery for grinding Mtd polishing, had an opportunity 
of seeing several celestial objects through it. On returning home, in 1858, I 
determined to construct a similar, thotgh smaller instrument; which, however, 
should be larger than any in America, and be especially adapted for photography. 
Accordingly, in September of that year, a 15 inch speculum was cast, and a 
machine to work it made. In 1860, the observatory was built, by the village 
carpenter, from my own designs, at my father’s country seat, and the telescope 
with its metal speculum mounted. This latter was, however, soon after abandoned, 
and silvered glass adopted. During 1861, the difficulties of grinding and polishing 
that are detailed in this account were met with, and the remedies for many of them 
ascertained. The experiments were conducted by the aid of three 15| inch disks 
of glass, together with a variety of smaller pieces. Three mirrors of the same 
focal length and aperture are almost essential, for it not infrequently happens that 
two in succession will be so similar, that a third is required for attempting an 
advance beyond them. One of these was made to acquire a parabolic figure, and 
bore a power of 1,000. The winter was devoted to perfecting the art of silvering, 
and to the study of special photographic processes. A large portion of 1862 
was spent with a regiment in a campaign in Virginia, and but few photographs 
were produced till autumn, when sand clocks and clepsydras of several kinds having 
been made, the driving mechanism attained great excellence. During the winter, 
the art of local corrections was acquired, aird two 15 J inch mirrors, as well as two 
of 9 inches for the photographic enlarging apparatus, were completed. The greater 
part of 1863^ has been occupied by . lunar and planetary photography, and the 
enlargement of the small negatives obtained at the focus of the great reflector. 
Lunar negatives have been produced which have been magnified to 3 feet in 

1 May. 1864. /IN 



2 ON THE CONSTRUCTION AND USE OF 

diameter. I have also finished two mirrors 15| inches in aperture, suitable for a 
Herschelian telescope, that is, which can only converge oblique pencils to a focus 
free from aberration. This work has all been accomplished in the intervals of pro- 
fessional labor. 

The details of the preceding operations are arranged as follow^s ; | 1. Grinding 
AND Polishing the Mirrors; § 2. The Telescope Mounting; § 3. The Clock 
Movement; | 4. The Observatory; § 5. The Photographic Laboratory; § 6. 
The Photographic Enlarger. 

§ 1. GRINDINa AND POLISHING THE MIRRORS. 

(1.) Experiments ON A Metal Speculum. 

My first 15 inch speculum was an alloy of copper and tin, in the proportions 
given by Lord Rosse. His general directions were closely followed, and the 
casting was very fine, free from pores, and of silvery whiteness. It was 2 inches 
thick, weighed 110 pounds, and was intended to be of 12 feet focal length. The 
grinding and polishing were conducted with the Rosse machine. Although a great 
amount of time was spent in various trials, extending over more than a year, a fine 
figure was never obtained — the principal obstacle to success being a tendenesy to 
polish in rings of different focal length. It must, however, be borne in mind tlmt 
Lord Rosse had so thoroughly mastered the peculiarities of his machine as to pro- 
duce with it the largest specula ever made and of very fine figure. 

During these experiments there was occasion to grind out some imperfcxjtions, 
of an inch deep, from the face of the metal. This operation was greatly assisttal 
by stopping up the defects with a thick alcoholic solution of Canada balsam, and 
having made a rim of wax around the edge of the mirror, pouring on nitro-hydro- 
chloric acid, which quickly corroded away the uncovered spaces. Subsequently an 
increase in focal length of 15 inches was accomplished, by attacking the edge 
zones of the surface with the acid in graduated depths. 

An attempt also was made to assist the tedious grinding operation by inchiding 
the grinder and mirror in a Voltaic circuit, making the speculum the positive pole. 
By decomposing acidulated water between it and the grinder, and thereby oxidizing 
the tin and copper of the speculum, the operation was much facilitated, but tlie 
battery surface required was too great for common use. If a sufiicient intensity 
was given to the current, speculum metal was transferred Avithout oxidation to the 
grinder, and deposited in thin layers upon it. It was proposed at one time to makci 
use of this fact, and coat a mirror of brass with a layer of speculum metal by 
electrotyping. The gain in lightness would be considerable. 

During the winter of 1860 the speculum was split into two pieces, by the 
expansion in freezing of a few drops of water that had foimd their way into the 
supporting case. 

(2.) Silvering Glass. 

At Sir John Herschel’s suggestion (given on- the occasion of a visit that my 
father paid him in 1860), experiments were next commenced with silvered glass 
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spectrla. These were described as possessing great capabilities for astronomical 
purposes. They reflect more than 90 per cent, of the light that falls upon them, 
and only weigh one-eighth as much as specula of metal of equal aperture. 

As no details of Steinheil’s or Foucault’s processes for silvering in the cold way 
were accessible at the time, trials extending at intervals over four months were 
made, A variety of reducing agents were used, and eventually good results 
obtained with milk sugar. 

Soon after a description of the process resorted to by M, Foucault in his excel- 
lent experiments was procured. It consists in decomposing an alcoholic solution 
of ammonia and nitrate of silver by oil of cloves. The preparation of the solutions 
and putting them in a proper state of instability are very difficult, and the results 
by no means certain. The silver is apt to be soft and easily rubbed off, or of a 
leaden appearance. It is liable to become spotted from adherent particles of the 
solutions used in its preparation, and often when dissolved ofl:‘ a piece of glass with 
nitric acid leaves a reddish powder. Occasionally, however, the process gives 
excellent results. 

In the winter of 1861, M. Cimeg published his method of silvering looking- 
glasses by tartrate of potash and soda (Rochelle salt) . Since I have made modifica- 
tions in it fitting the silver for being polished on the reverse side, I have never on 
any occasion failed to secure bright, hard, and in every respect, perfect films. 

The operation, which in many details resembles that of M. Foucault, is divided 
into; 1 St, cleaning the glass ; 2d, preparing the solutions; 3d, warming the glass ; 
4th, immersion in the silver solution and stay there ; 5th, polishing. It should be 
carried on in a room warmed to 70° F. at least. The description is for a 15| inch 
mirror. 

1st. Clean the glass like a plate for collodion photography. Rub it thoroughly 
with nitric acid, and then wash it well in plenty of water, and set it on edge on 
filtering paper to dry. Then cover it with a mixture of alcohol and prepared chalk, 
and allow evaporation to take, place. Rub it in succession with many pieces of 
cotton flannel. This leaves the sxirface almost chemically clean. Lately, instead 
of chalk I have used plain uniodized collodion, and polished with a freshly-washed 
piece of cotton flannel, as soon as the film had become semi-solid. 

2d. Dissolve 560 grains of Rochelle salt in two or three ounces of water and 
filter. Dissolve 800 grains of nitrate of silver in four ounces of water. Take an 
ounce of strong ammonia of commerce, and add nitrate solution to it until a brown 
precipitate remains undissolved. Then add more ammonia and again nitrate 
of silver solution. This alternate addition is to be carefully continued until the 
silver solution is exhausted, when some of the brown precipitate should remain in 
suspension. The mixture then contains an undissolved 
excess of oxide of silver. Filter. Just before using, mix 
with the Rochelle salt solution, and add water enough 
to make 22 ounces. 

The vessel in which the silvering is to be performed may 
be a circular dish (Fig. 1) of ordinary tinplate, 16| inches 
in diameter, with a flat bottom and perpendicular sides one inch high, and coated 


Fig. 1. 
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inside witlL a mixture of beeswax and rosin (equal parts). At opposite ends of one 
diameter two narrow pieces of wood, a a', J of an inch thick, are cemented. They 
are to keep the face of the mirror from the bottom' of the vessel, and permit of a 
rocking motion being given to the glass. Before using such a vessel, it is necessary 
to touch any cracks that may have formed in the wax with a hot poker. A spirit 
lamp causes bubbles and holes through to the tin. The vessel too must always, 
especially if partly silvered, be cleaned with nitric acid and water, and left filled 
with cold water till needed. Instead of the above, India-rubber baths have been 
occasionally used, 

3d. In order to secure fine and hard deposits in the shortest time and with weak 
solutions, it is desirable, though not necessary, to warm the glass slightly. This is 
best done by putting it in a tub or other suitably sized vessel, and pouring in water 
enough to cover the glass. Then hot water is gradually stirred in, till the mixture 
reaches 100° F. It is also advantageous to place the vessels containing the in- 
gredients for the silvering solution in the same bath for a short time. 

4th. On taking the glass out of the warm water, carry it to the silvering vessel — 
into which an assistant has just previously poured the mixed silvering solution — 
and immediately immerse it face downwards, dipping in first one edge and then 
quickly letting down the other till the face is horizontal. The back of course is ' 
not covered with the fluid. The same precautions are necessary to avoid streaks 
in silvering as in the case of putting a collodion plate in the bath. Place th() 
whole apparatus before a window. Keep up a slow rocking motion of tlie glass, 
and watch for the appearance of the bright silver film. The solution quickly tTirns 
brown, and the silver soon after appears, usually in from three to five minutes. 
Leave the mirror in the liquid about six times as long. At the expiration of tlio 
twenty minutes or half hour lift it out, and look through it at some very bright 
object. If the object is scarcely visible, the silver surface must then be washed 
with plenty of water, and set on edge on bibulous paper to dry. If, on the con- 
trary, it is too thin, put it quickly back, and leave it until thick enough. When 
polished the silver ought, if held between the eye and the sun, to show his disk 
of a light blue tint. On coming out of the bath the metallic surface should liave 
a rosy golden color by refio^cted light. 

5th. When the mirror is thoroughly dry, and no drops of water remain about 
the edges, lay it upon its back on a thoroughly dusted table. Take a piece of the 
softest thin buckskin, and stuff it loosely with cotton to make a rubber. Avoid 
using the edge pieces of a skin, as they are always hard and contain nodules of 
lime. 

Go gently over the whole silver surface with this rubber in circular strokes, 
in order to commence the removal of the rosy golden film, and to condense the 
silver. Then having put some very fine rouge on a piece of buckskin laid flat on 
the table, impregnate the rubber with it. The best stroke for polishing is a motion 
in small circles, at times going gradually round on the mirror, at times across on 
the various chords (Fig. 2). At the end of an hour of continuous gentle rubbing, 
with occasional touches on the flat rouged skin, the surface will be polished so as 
to be perfectly black in oblique positions, and, with even moderate care, scratchless. 
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The process is like a burnishing. Put the' rubber carefully away for another 
occasion. 


Fig. 2. 



Polishing Strokes. 


The thickness of the silver thus deposited is about ^ inch. Gold 

leaf, when equally transparent, is estimated at the same fraction. The actual value 
of the amount on a 15^ inch mirror is not quite a cent — the weight being less than 
4 grains (239 milligrammes on one occasion when the silver was unifsually thick), 
if the directions above given are followed. 

Variations in thickness of this film of silver on vatiotis parts of the face of the 
mitrbsr are consequently only small fractions of of an inch, and are therefore 

of no optical moment whatever. If a glass has been properly silvered, and shows 
the sun of the same color and intensity through aU parts of its surface, the most 
delicate optical tests will certainly fail to indicate any ditference in figure between 
the silver and the glass underneath. The faintest peculiaritios of local surface 
seen on the glass by the method of M. Foucault, will l)e rcprodixced on the silver. 

The durability of these silver films varices, depending on the circumstances under 
which they are placed, and the method of preparation. Sulphuretted hydrogen 
tarnishes them cpiickly. Drops of water nniy split the silver otf. Under certain 
circumstances, too, minute fissunjs will spread all over the surface of the silver, and 
it will apparently lose its adhesion to the glass. This phenomenon seems to be 
connected with a (;ontinned exposure to dampness, and is avoided by grinding the 
edge of the concave mirror flat, and keeping it covered when not in use with a sheet 
of fiat plate glass. Heat seems to have no prejudicial effect, though it might have 
been supposed that the difference in expansibility would have overcome the mutual 
adhesion. 

Generally silvered mirrors are very enduring, and will bear polishing repeatedly, 
if previously dried by lieat. I have some which have been used as diagonal re- 
flectors in the Newtonian, and have been exposed during a large part of the day 
to the heat of the sun concentrated by the 15| inch mirror. These small mirrors 
are never covered, and yet the one now in the telescope has been there a year, and 
has had the dusty film — like that which accumulates on glass — polished ojff it a 
dozen times. 

In order to guard against tarnishing, experiments were at first made in gilding 
silver films, but were abandoned when found to be unnecessary. A partial con- 
version of the silver film into a golden one, when it will resist sulphuretted hydrogen. 
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can be accomplished as follows ; Take three grains of hyposulphite of soda, and 
dissolve it in an ounce of water. Add to it slowly a solution in water of one grain 
of chloride of gold. A lemon yellow liquid results, which eventually becomes clear. 
Immerse the silvered glass in it for twenty-four hours. An exchange will take place, 
and the film become yellowish. I have a piece of glass prepared in this way which 
remains unhurt in a box, where other pieces of plain silvered glass have changed 
some to yellow, some to blue, from exposure to coal gas. 

I have also used silvered glass plates for daguerreotyping. They iodize beauti- 
fully if freshly polished, and owing probably to the absence of the usual copper 
alloy of silver plating, take impressions with very short exposures. The resulting 
picture has a rosy warmth, rarely seen in ordinary daguerreotypes. The only pre- 
caution necessary is in fixing to use an alcoholic solution of cyanide of potassium, 
instead of hyposulphite of soda dissolved in water. The latter has a tendency to 
split up the' silver. The subsequent washing must be with diluted common alcohol. 

Eictures obtained by this method will bear high magnifying powers without 
showing granulation. Unfortunately the exposure required for them in the telescope 
is six times as great as for a sensitive wet collodion, though the iodizing be carried 
to a lemon yellow, the bromizing to a rose red, and the plate be returned to the 
iodine. 


(3.) Grinding and Polishing Glass. 

Some of the facts stated in the following paragraphs, the result of numerous 
experiments, may not be new to practical opticians. .1 have had, however, to i)olish 
with my own hands more than a hundred mirrors of various sizes, from 19 inches 
to ^ of an inch in diameter, and to experience very frequent failures for threii years, 
before succeeding in producing large surfaces with -certainty and quickly. It is 
well nigh imiiossible to obtain from opticians the practical minutia! wliich are 
essential, and which they conceal even from each other. The long continued re- 
searches of Lord Rosse, Mr. Lassell, and M. Foucault are full of the most valuable 
facts, and have been of continual use. 

The subject is divided into: a. The Peculiarities of Glass; b. Emery and Rouge; 
c. Tools of Iron, Lead and Pitch ; d. Methods of Examining Surfaces ; e. Machiin^s. 

a. Peculiay'ities of Glass. 

Effects of Pressure . — It is generally supposed that glass is possessed of the power 
of resistance to compression and rigidity in a very marked manner. In the course 
of these experiments it has appeared that a sheet of it, even when very thick, can 
with difficulty be set on edge without bending so much as to be optically worthless. 
Fortunately in every disk of glass that I have tried, there is one diameter on either 
end of which it may stand without harm. 

In examining lately various works on astronomy and optics, it appears that the 
same difficulty has been found not only in glass but also in speculum metal. Short 
used always to mark on the edge of the large mirrors of his Gregorian telescopes 
the point which should be placed uppermost, in case they were removed from their 
cells. In achromatics the image is very sensibly changed in sharpness if the flint 
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and crown are not in the best positions ; and Mr. Airy, in mounting the Northum- 
berland telescoxje, had to arrange the means for turning the lenses on their common 
axis, until the finest image was attained. In no account, however, have I foimd a 
critical statement of the exact nature of the deformation, the observers merely 
remarking that in some positions of the object glass there was a sharper image than 
in others. 

Before I appreciated the facts now to be mentioned, many fine mirrors were 
condemned to be re-polished, which, had they been }properly set in their mountings, 
would have operated excellently. 

In attempting to ascertain the nature of deformations by pressure, many changes 
were made in the x)osition of the disk of glass, and in the kind of support. Some 
square mirrors, too, were ground and polished. As an examx)le of the final results, 
the following case is x)i^esented: A 15| inch unsilvered mirror l;j iirch thick was 
set with its best diameter perpendicular, the axis of the mirror being horizontal 
(Fig. 8). Tlie imago of a pin-hole illuminated by a lamp was then observed tg be 
single, sharx)ly defined, and with interference rings surrounding it as at a, Fig. 3. 
On turning the glass 90 degrees, that is one quarter way round, 
its axis still pointing in the same direction, it could hardly be 
realized that the same concave surface was converging the rays. 

The image was separated into two of about equal intensity, as 
at 5, with a wing of light going out above and below from the 
junction. Inside and outside of the focal plane the cone of 
rays had an elliptical section, the major axis being horizontal 
inside, and peri)endicular outside, 'rurning the mirror still 
more round the image gradually imx)roved, until the original diameter was perpen- 
dicular again — tlio cud that had been the upx)ermost now being the lowest. A 
similar se!rie>s of changes occurred in sup]Dorting the glass on various parts of the 
other semicircle. It might be sux)j)oscd that irregularities on the edge of the glass 
disk, or in the siq)porting arc would account for the jdienomena. But two facts 
dispose of the former of these hyx)otheses ; in the first place if the glass be turned 
exactly htilf way round, the character of the image is unchanged, and it is not to 
be believed that in many different mirrors this could occur by chance coincidence. 
In the second jdace, one of these mirrors has been carefully examined after being 
ground and polished three times in succession, and on each occasion required the 
same diameter to be perpendicular. As to the second hypothesis no material dijffer- 
ence is observed whether the supporting arc below be large or small, nor when it 
is replaced by a thin semicircle of tinplate lined with cotton wool. 

I am led to believe that this peculiarity results from the structural arrangement 
of the glass. The specimens that have served for these experiments have probably 
been subjected to a rolling operation when in a x)lastic state, in order to be reduced 
to a uniform thickness. Optical glass, which may be made by softening down 
irregular fragments into moulds at a temperature below that of fusion, may have 
the same difficulty, but whether it has a diameter of minimum compression can 
only be determined by experiment. Why speculum metal should have the same 
property might be ascertained by a critical examination of the process of casting, 
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and the effect of the position of the openings in the mould for the entrance of the 
molten metal. 

Effects of Heat , — The preceding changes in glass when isolated appear very 
simple, and their remedy, to keep the proper diameter perpendicular, is so obvious 
that it may seem surprising that they should have given origin to any embarrassment. 
In fact it is now desirable to have a disk in which they are well marked. But in 
practice they are complicated in the most trying manner with variations produced 
by heat pervading the various parts of the glass unequally. The following case 
illustrates the effects of heat : — 

A 15| inch mirror, which was giving at its centre of curvature a very fine image 
(<x. Fig. 4) of an iHuminated pin-hole, was heated at the edge by placing the right 
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hand on the back of the mirror, at one end of the horizontal diameter. In a few 
seconds an arc of light came out from the image as at and on putting the left 
hand on the other extrerqity of the same diameter the appearance c' was that of 
two arcs of light crossing each other, and having an image at each intersection. 
The mirror did not recover its original condition in ten minutes. Another person 
on a subsequent occasion touching the ends of the perpendicular diameter at the 
same time that the horizontal were warmed, caused the image d' to become some- 
what like two of o', put at right angles to each other. A little distance outside 
the focus the complementary appearances, d, c, d, were found. 

By unsymmetrical warming still more remarkable forms emerged in succession, 
some of which were more like certain nebulm with their millcy light, than any 
regular geometrical figure. 

If the glass had, after one of these experiments, been immediately put on the 
g polishing machine and re-polished, the changes in sur- 

face would to a certain extent have become permanent, 
as in Chinese specula, and the mirror would have re- 
quired either re-grinding or prolonged polishing to get 
rid of them. .This occurred unfortunately very fre- 
quently in the earlier stages of this scries of experi- 
ments, and gave origin on one occasion to a surface 
which could only show the image of a pin-hole as a 

Effects of Heat rendered permanent. /•tt— i 

lozenge (6, Fig. 5), with an image at each angle inside 
the focus, and as an image a with four wings outside. 

But it must not be supposed that such apparent causes as these are required to 
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disturb a surface injuriously. Frequently mirrors in the process for correction of 
spherical aberration will change the quality of their images without any perceptible 
reason for the alteration. A current of cold or warm air, a gleam of sunlight, the 
close approach of some person, an unguarded touch, the application of cold water 
injudiciously will ruin the labor of days. The avoidance of these and similar causes 
requires personal experience, and the amateur can only be advised to use too much 
caution rather than too little. 

Such accidents, too, teach a useful lesson in the management of a large telescope, 
never, for instance, to leave one-half the mirror or lens exposed to radiate into cold 
space, while the other half is covered by a comparatively warm dome. Under the 
head of the Sun-Camera, some further facts of this kind may be found. 

Oblique Mirrors . — Still another propensity of glass and speculum metal must be 
noted. A truly spherical concave can only give an image free from distortion when 
it is so set that its optical axis points to the object and returns the image directly 
back towards it. But I have polished a large number of mirrors in which an image 
free from distortion was produced when oblique pencils fell on the mirror, and 
the image was returiKal along a line forming an angle of from 2 to 3 degrees with 
the direction of the object. Such mirrors, though exactly suited for the Herschelian 
construction, will not officiate in a Newtpnian urdess- the diagonal mirror be put 
enongh out of centre in the tube, to compensate for the figure of the mirror. Some 
of the best photographs of the ,moon that have been produced in the observatory,’ 
were made when the diagonal mirror was 6 inches out of centre in the 16 inch 
tube. Of course the ‘ large mirror below was not perpendicular to the axis of the 
tube, but was inclined 2° 32'. The figure of such a concave might be explained by 
the supposition that it was as if cut out of a parabolic surface of twice the diameter, 
so that the vertex should be on the edge. But if the mirror was turned 180° it 
apparently did just as well as in the first position, the image of a round object being 
neither oval nor elliptical, and without wings. The image, however, is never quite 
as fine as in the usual kind of mirrors. The true explanation seems rather to be 
that the radius of curvature is greater along one of the diameters than along that 
at right angles. How it is possible for such a figure to arise during grinding and 
polishing is not easy to understand, unless it be granted that glass yields more to 
heat and compression in one direction than another. 

After these facts had been laboriously ascertained, and the method of using such 
otherwise valueless mirrors put in practice as above stated, chance brought a letter 
of Maskelyne to my notice. He says, “ I hit upon an extraordinary experiment 
which greatly improved the performance of the six-feet reflector” . . . . . It was 
one made by Short. “ As a like management may improve many other telescopes, 
I shall here relate it : I removed the great speculum from the position it ought to 
hold perpendicular to the axis of the tube when the telescope is said to be rightly 
adjusted, to one a little inclined to the same and found a certain inclination of about 
2^° (as I found by the alteration of objects in the finer one of Dollond’s best night 
glasses with a field of 6°), which caused the telescope to show the object (a printed 
paper) incomparably better than before ; insomuch that I could read many of the 
words which before I could make nothing at all of. It is plain, therefore, that this 

2 May, 1804. 
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telescope shows best with a certain oblique pencil of rays. Probably it will be found 
that this circumstance is by no means peculiar to this telescope.” This very valuable 
observation has lain buried for eighty-two years, and ignorance of it has led to the 
destruction of many a valuable surface. 

As regards the method of combating this tendency, it is as a general rule best 
to re-grind or rather re-fine the surface, for though pitch polishing has occasionally 
corrected it in a few minutes, it will not always do so. I have polished a surface 
for thirteen and a half hours, examining it frequently, without changing the obliquity 
in the slightest degree. 

Glass, then, is a substance prone to change by heat and compression, and requiring 
to be handled with the utmost caution. 

b. Emery atid JEtouge, 

In order to excavate the concave depression in a piece of glass, emery as coarse 
as the head of a pin has been commonly used. This cuts rapidly, and is succeeded 
by finer grained varieties, till flour emery is reached. After that only washed 
emeries should be permitted. They are made by an elutriating process invented 
by Dr. Green. 

Five pounds of the finest sifted flour emery are mixed with an oimce of pulverized 
gum arabic. Enough water to make the mass like treacle is then added, and the 
ingredients are thoroughly incorporated by the hand. They are put into a deep jar 
containing a gallon of water. After being stirred the fluid is allowed to come to 
rest, and the surface is skimmed. At the end of an hour the liquid containing 
extremely fine emery in suspension is decanted or drawn off with a siphon, nearly 
down to the level of the precipitated emery at the bottom, and set aside to subside 
in a tall vessel. When this has occurred, which will be in the lapse of a few hours, 
the fluid is to be carefully poured back into the first vessel, and the fine deposit in 
the second put into a stoppered bottle. In the same way by stirring up the pre- 
cipitate again, emery that has been suspended 30, 10, 3, 1 minutes, and 20, 3, 
seconds is to be secured and preserved in wide-mouthed vessels. 

The quantity of the finer emeries consumed in smoothing a 15^ inch surface is 
very trifling — a mass of each as large as two peas sufficing. 

Rouge, or peroxide of iron, is better bought than prepared by the amateur. It 
is made by calcining sulphate of iron and washing the product in water. Three 
kinds are usually found in commerce : a very coarse variety containing the largest 
percentage of the cutting black oxide of iron, which will scratch glass like quartz ; 
a very fine variety which can hardly polish glass, but is suitable for silver films ; 
and one intermediate. Trial of several boxes is the best method of procuring that 
which is desired. 

c. Tools of Tron^ Lead., and PUch. 

In making a mirror, one of the first steps is to describe upon two stout sheets of 
brass or iron, arcs of a circle with a radius equal to twice the desired focal length, 
and to secure, by filing and grinding them together, a concave and convex gauge. 
When the radius bar is very long, it may be hung against the side of a house. By 
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the assistance of these templets, the convex tools of lead and iron and the concave 
surface of the mirror are made parts of a sphere of proper diameter. 

The excavation of a large flat disc of glass to a concave is best accomplished by 
means of a thick plate of lead, cast considerably more convex than the gauge. 
The central parts wear away very quickly, and when they become too flat must be 
made convex again by striking the lead on the back with a hammer. The glass is 
thus caused gradually to approach the right concavity. Ten or twelve hours usually 
suffice to complete this stage. The progress of the excavating is tested sufficiently 
well by setting the convex gaiige on a diameter of the mirror, and observing how 
many slips of paper of a definite thickness will pass under the centre or edge, as 
the case may be. This avoids the necessity of a spherometer. The thickness of 
paper is found correctly enough by measuring a half ream, and dividing by the 
number of sheets. In this manner differences in the versed sine of a thousandth 
of all inch may be appreciated, and a close enough approximation to the desired 
focal length reached — the precision required in achromatics not being needed. 
The preparation of the iron tools on which the grinding is to be finished is very 
laborious where personal exertion is used. They require to be cast thin in order 
that they may be easily handled, and hence cannot be turned with very great 
exactness. 

The pair for my large mirrors are 16| inches in diameter, and were cast § of an 
inch thick, being strengthened however on the back by eight ribs ^ of an inch high, 
radiating from a solid centre two inches in diameter (a. Fig. 6). They weighed 25 


Fig. 6. 



The Iron Grinder. 


pounds apiece. Four ears, with a tapped hole in each, project at equal distances 
round the edge, and serve either as a means of attachment for a counterpoise lever, 
or as handles. 

After these were turned and taken off the lathe chuck, they were found to be 
somewhat sprung, and had to be scraped and ground in the machine for a week 
before fitting properly. The slowness in grinding results from the emery becoming 
imbedded in the iron, and forming a surface as hard as adamant. 

Once acquired, such grinders are very valuable, as they keep their focal length 
and figure apparently without change if carefully used, and only worked on glass 
of nearly similar curvature. At first no grooves were cut upon the face, for in the 
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lead previously employed for fining they were found to be a fruitful source of 
scratches, on account of grains of emery imbedding in them, and gradually break- 
ing loose as the lead wore away. Subsequently it appeared, that unless there was 
some means of spreading water and the grinding powders evenly, rings were likely 
to be produced on the mirror, and the iron was consequently treated as follows ; — 

A number of pieces of wax, such as is used in making artificial fiowers, were 
procured. The convex iron was laid out in squares of ^ of an inch on the side, 
and each alternate one being touched with a thick alcoholic solution of Canada 
balsam, a piece of wax of that size was put over it. This was found after many 
trials ’to be the best method of protecting some squares, and yet leaving others in 
the most suitable condition to be attacked, A rim of wax, melted with Canada 
balsam, was raised around the edge of the iron, and a pint of aqua regia poured 
in. In a short time this corroded out the uncovered parts to a sufficient depth, 
leaving an appearance like a chess-board, except that the projecting squares did not 
touch at the adjoining angles (i. Fig. 6). I should have chipped the cavities out, 
instead of dissolving them away, but for fear of changing the radius of curvature 
and breaking the thin plate. However as soon as the iron was cleaned, it proved 
to have become fiattor, the radius of curvature having increased 7.^ inches. This 
shows what a state of tension and compression there must be in such a mass, when 
the removal of a film of metal of an inch thick, here and there, from one surface, 
causes so great a change. 

When tlie glass has been brought to the finest possible grain on such a grinder, 
a polishing tool has to be prepared by covering the convex iron with either pitch 
or rosin. These substances have very similar properties, but the rosin by being 
clear affords an opportunity of seeing whether there are impurities, and therefore 
has been frequently used, straining being unnecessary. It is, however, too hard as 
it occurs in commerce, and requires to be softened with turpentine. 

A mass sufficiently large to cover the iron ^ of an inch thick is melted in a 
porcelain or metal capsule by a spirit lamp. When thoroughly liquid the lamp is 
blown out, and spirits of turpentine added, a drachm or two at a time. After each 
addition a chisel or some similar piece of metal is dipj)ed into the fluid rosin, and 
then immersed in water at tin; tomperahire of the room. After a minute or two it 
is taken out, and tried with the thumb-nail. Wh<;n the proper degree of softness is 


Fig. 7. 
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obtained, an indentation can be made by a moderate prc;ssurc;. 

The iron having been heated in hot water is then 
painted in stripes | of an inch deep with this resinous com- 
position. The glass concave to be polished being smeared 
with rouge, is pressed upon it to secure a fit, and the iron 
is then put in cold water. With a narrow chisel straight 
grooves are made, dividing the surface into squares of one 
inch, separated by intervals of one-quarter of an inch (Fig. 
7). Under certain circumstances it is also desirable to take 
off* every other square, or perhaps reduce the polishing sur- 
face irregularly here and there, to get an excess of action on 


some particular portion of the mirror. 
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It is well, on commencing to polisli witli a tool made in this way, to warm the 
glass as well as the tool in water (page 4) before bringing the two in contact. If 
this is not done the polishing will not go on kindly, a good adaptation not being 
secured for a length of time, and the glass surface being injured at the outset. The 
rosin on a polisher put away for a day or two suffers an internal change, a species 
of irregular swelling, and does not retain its original form. Heating, too, has a 
good effect in preventing disturbance by local variations of temperature in the glass. 

The description of “ Local Polishers” will be given under Machines, 

d. Methods of Exomming Surfaces, 

I have been in the habit of testing mirrors exclusively at the centre of curvature, 
not putting them in the telescope tube until nearly parabolic or finished. The 
means of trial are so excellent, the indications obtained so precise, and the freedom 
from atmospheric disturbances so complete, that tlici greatest facilities are offered 
for ascertaining the nature of a surface. In addition the observer is entirely inde- 
pendent of day or night, and of the weather. I do not think that anything more 
is learned of the telescope, even under favorable circumstances, than in the work- 
shop. For the improvement of these methods of observation, jScience is largely * 
indebted to M. Foucault, whose third test — the second in the next paragraph — is 
sufficient to afford by itself a large part of the information required in correcting 
a concave surface. 

There are two distinct modes of examination: 1st, observing with an eye-piece 
the image of an illuminated pin-hole at the focus, and the cone of rays inside and 
outsid(? that plane ; 2d, receiving the entire pencil of light coming from the mirror 
through the pupil on the retina, and noticing the distribution of light and shade, 
and the appearances in relief on the face of the mirror. 

The arrangements for these tests are as follows : Around the flame of a lamp (a, 


Fig. 8. 



Testing a Concave at the Centre of Curvature. 


Fig. 8) a sheet of tin is bent so as to form a cylindrical screen. Through it at the 
height of the brightest part of the flame, as at 6, two holes are bored, a quarter of an 
inch apart, one of an inch in diameter, the other as small as the point of the finest 
needle will make — perhaps of an inch. This apparatus is to be set at the centre 
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of curvature of the mirror c — the optical axis of the luttcir heiuj^ liorizojital — and 
so adjusted that the light which diverges from the ilhimiuatcd liole in use, may, 
after impinging on the concave surface of thf; glass, return to form an imag(^ close' 
by the side of the tin screen. In tlie case of thci first tc^st, the returning rays are 
received into an eye-piece or microscope, J, magnifying 20 times, and moving upon 
a divided scale to and from the mirror. In tlie se(!otid ttsst tlu! cvy(>piec(^ is r(‘mov(‘d 
away from before the eye, and a straight-edged opaejue screen, c, is put in its ])lace. 
The mirror is supported in these trials by an arc of wood/, lined with thi(;k woolhni 
stuff, and above two wooden latches, </, </, prevent it from from falling tV)rward, but 
do not compress it. It is, of cotirse, unsilvered. In the figure tlui tabh^ is reprc'- 
sented very much closer to the mirror than it shoxdd be. In trials on tln^ 15^ inch 
it has to be 25 feet distant. 

The appearance that a truly spherical concave surface prosemts with tlui first test 
is : the image of the hole is sharply defined without any ar(M)la of alauTiition around 
it, and is surrounded by interference rings. Inside and outsid<i tlui focus tin* <‘on<^ 
of rays is exactly similar, and circular in section. It pr<;sents no tra.<t(‘ of irrt’gular 
illumination, nor any bright or dark cirdes. With tlit; s(;(!ond ttist, when tin' (’y(‘ 
is brought into such a position that it rcKunves tln^ wliohi p<;ncil of r('fi<‘(d,<'<l rays, 
and the opaque screen is gradually drawn a<nx)ss in front of tin; pn])il, tb<‘ brigld- 
ness of the surface slowly diminivslu's, until just as the scre(ai is cutting off tin' last 

relic of tin ^ (lone of rays (h’ig. 9), tin' mirror pr<‘- 
- sents an uniform grayisli tint, followe<l by total 

darkness, and giv<!s to the eye tin' sensation of a 

I' — ~ ^ If, how(wer, the mirror is not splierical, but 

I " • ' insb^ad gradually c/ccnvMvw in focal h'ugth toward 

following (liang<'s r('Kult; 'Pin' 

1 image at tin’! best fo<nis is surroinnled by a, in'hu- 

losity, stronger as the deviation from tin' spln'U' 
Action of the Opaque Screen. greater, and iicitlier can a, sharp focus bt' 

obtained nor intei'ference fringes s('<m. In order 
to include this nebulosity in the image!, it will be necessary to push the <‘y('-pi<'c<' 
toward the mirror. Before the coin.* of rays has ctonipleted its (^onvcu'gc'inai, tin* 
mass of light will be seen to have accumulated at tlie periph(*ry, and aft<*r tin; fVxms 
Fig. 10 . and divergence lias (joinmenct'd, tin* 

accumulation will ho around tlie a.\is. '^I'hat 
is, a caustic (Fig. 10) is fornn*<l with its 
summit from the mirror. By the se<;ond 
test, in gradually eclipsing th(^ light (toming 
from the mirror, just liefore all the rays art^ 
obstructed, a part of those wliieh have con-' 
stituted the nebulosity will escape ])ast the 
screen (Fig. 11) into the eye, ainl cause 
there an extremely exaggera.tt*(l appiairanct^ 
Caustic of Oblate Spheroidal Mirror. in relief of the solid suporposcd upon the 


Fig. 10. 
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Fig. 11. 


true surface beneath. The glass will no longer seem to be a plane, but to have a 
section as in Fig. 12. Let us examine by the aid of M. Foucault’s diagrams why it 
is that the surface seems thus curved. If the 
dotted line, Fig. 13, represents the section 
of the mirror, and the solid line a section of 
a spherical mirror of the same mean focal 
length, it will be seen that the curves touch 
at two points, but are separated by an inter- 
val elsewhere. If this interval be projected 
by means of the differences of the ordinates. 


Pig. 12. 


Apparent Section of Oblate Spheroidal Mirror. 



Action of the Opaque Screen. 


Fig. 13. 



Section of Spherical and Spheroidal Mirrors. 


the resulting curve will be found to be the 
same as that which the mirror apparently 
has. 

If the opaque screen be dravra a short 
distance from the mirror, the appearance of 
the section curve will seem to change, the 
bottom of the groove (Fig. 12) between the 
centre and edge advancing inwards, and the 
mound in the middle growing smaller. If 
the screen be pushed toward the mirror the 
reverse takes place, the central mound becoming larger, but the edge decreasing. 
The reason for these variations becomes apparent by considering the three diagrams. 
Fig. 14. The dotted curve in each instance represents tlie real curve of the mirror 
described in the last paragraph, wliile the 
solid lines are circles drawn with radii pro- 
gressionaHy shorter in <x, h and c, and re- 
present sections of three spherical mir- 
rors whose focal lengths also progressively 
shorten. 

When the opaque screen is at a given 
distance from the mirror under examination, 
the only parts of the mirror which can offi- 
ciate well are those which have a curvature 
corresponding to a radius equal to the same 
distance. AU. the other parts seem as if they were covered by projecting circular 
masses. In looking at Fig. 14, it is plain, then, if the opaque screen is at a maxi- 
mum distance from the mirror, that the central parts alone will seem to operate, 
because the two curves (a) only touch there. If the screen is moved toward the 
mirror the curves (6) will coincide at some point between the centre and edge, while 
if carried still farther in only the edges touch and the appearance will be as if a 
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Fig. 15. 



large mound were fixed upon the centre. I have been careful in explaining liow 
a surface may thus seem to present entirely different characteristics if examined 
from points of view which vary slightly in distance, because a knowledge of these 
facts is of the utmost importance in correcting such an erroneous figure. It is now 
obvious that the correction will be equally eftectual if the mirror be polished with a 
small rubber on the edge, or on the centre, or partly on each. The only difierence 
in the result will be, that the mean focal length will be increased in the first instance, 
and decreased in the second, while it will remain unchanged in the third. 

If the mirror, instead of having a section like that of an oblate spheroid, should 
have either an ellipse, parabola, or hyperbola, as its section curve, the appearances 
seen above are reversed. Whilst by the first test there is still an aberration round 
the image at the best focus, the eye-piece must now be drawn from the mirror to 
include it. The cone of rays is most dense round the axis inside, and at the 

periphery outside the focus, and the 
summit of the caustic (Fig. 15) is 
turned towards the mirror. The 
second test shows a section as in 
Fig. 16, a depression at the centre, 
and the edges turned backwards. 
The nature of the movement neces- 
sary to reduce the surface to a sphere 
is very plainly indicated, action on a 
zone a between the centre and edge. 
If, hov>^ever, a parabolic section is 
required, the zone a must not be 
entirely removed, and the surface 
rendered apparently flat, but as much 
of it must be left as experience shows to be desirable. 

If, in still a fourth instance, the mirror is not formed by the revolution of any 
regular curve upon its axis, but has upon its surface zones of longer and shorter 

radius intermixed irregularly, a very com- 
mon case, the two tests still indicate with 
Xnecision the parts in fault, and the correc- 
tion demanded. Thus the mirror seen in 
section in Fig. IT, when the principal mass 
of light was obstructed by the opaque screen, 
would still permit that coming from certain 
parts to find its way into the eye. 

Figure 18 represents an irregular mirror, 
that was produced in the process of correc- 
tion of a hyperbolic surface, which had an 
apparent section like Fig. 16 previously. 

Apparent SeoBoaot Mirror with Rings. ^he zone a had been acted upon with a 

small local polisher, and the mirror was 
finished by subsequently softening down 6 and c with a larger tool. 


Cauritio of Hyperbolic Mirror. 
Fig. 16. 



Fig. 17. 



Fig, 18. 
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After having gained from the preceding paragraphs a general idea of the value 
and nature of these tests at the centre of curvature, a more particular description 
of their use is desirable. M. Foucault in his methods first brings the mirror to a 
spherical sxirface, and then by moving the luminous pin-hole toward the mirror, 
and correspondingly retracting the eye-piece or opaque screen, carries it, avoid- 
ing aberration continually by polisliing, through a series of ellipsoidal curvatures, 
advancing step by step toward the paraboloid of revolution. The length of the 
apartment, however, soon puts a termination to this gradual system of correction, 
and he is forced to perform the last steps of the conversion by an empirical process, 
and eventually to resort to trial in the telescope. 

With my mirrors of 150 inches focal length, demanding from the outset a room 
more than 25 feet long, this successive system had to be abandoned. It was not 
found feasible to place the lamp in the distant focus of the ellipse — the workshop 
being less than 30 feet long — and putting the luminous source on stands outside, 
introduced several injurious complications, not tlio least of which was currents in 
the layers of variously refracting air in the apartment. In a still room the density 
and hygrometric variations in its various parts only give rise to slight embarrass- 
ment. The moment, however, that currents are produced, satisfactory examination 
of a mirror becomes difficult. The air is seen piq.ly too to-mdv^ 

spiral convolutions between the mirror and the oye, ateolae of aberration . app^ 
around a previously excellent image, and were it not for the second test, any de- 
termination of surface would be impossible. By that test the real deviations from 


truth of figure can be distinguished from the atmo- 
spheric, and to a practised eye sufficient indications Fig. 19^ 

of necessary changes given. Such a movement as 
tliat causcal by placing the hand in or under the line 
of the converging rays, will completely destroy the 
beauty of an image*, -and by the second test give 
origin in the first case to the appearance Fig. 19. 

In order to be completely tixempt at all times from 
aerial difficulties, it is desirable to have control of a 
long underground apartment, the openings of which 

can be tightly closed. As no artificial warmth is Atmospheric Motions, 

needed, there is the minimum of movement in the 

inclosed air, and conclusions respecting a surface may be arrived at in a very short 
time. The mirror may also be supported from the ground, so that tremulous vibra- 
tions which weary the eye, and interfere with the accuracy of criticism, may be 


Atinoapheric Motions. 


avoided. 


Driven then from observing an image kept continually free from aberration, 
through advancing ellipsoidal changes, it became necessary to study the gradual 
increase of deformation, produced by the greater and greater departures from a 
spherical surface, as the parabola was approached. It was found that a sufficient 
guide is still provided in these tests, by modifying them properly. 

The longitudinal aberration of a 'mirror of small angular o^jening is easily calcu- 
lated — being equal to the square of half the aperture, divided by eight times the 
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principal focal length. That is, a 15| inch mirror of 150 inches focal length 
were spherical, and were used to converge parallel rays, those from its edge would 
reach a focus of an inch nearer the mirror than those from its central parts. 
If now the converse experiment he tried, and a mirror of the same size and focal 
length which can converge parallel rays, falling on all its parts, to one focus, be 
examined at the centre of curvature, it gives there an amount of longitudinal 
aberration -jYir of an inch, eq[ual to twice the preceding. This latter, then, is the 
condition at the centre of curvature, to which such mirror must be brought in order 
to converge parallel rays with exactness. In addition, strict watch must be kept 
upon the zones intermediate between the centre and edge, both by measurement 
with diaphragms of their aberration, and better yet, by observation of tlio regu- 
larity of the curve of that apparent solid, Fig. 16, seen by the second test. 

This modification of the first test is literally a method of parabolizing by measure, 
and is capable of great precision when the eye learns to estimate whore the exact 
focus of a zone is. The little irregularities found round the edges of the holes 
through the tin screen. Fig. 8, are in this respect of material assistance. They 
show, too, the increased optical or penetrating power that is gained by increase of 
aperture. Minute peculiarities, not visible under very high x>owcrs with a 10 inch 
diaphragm, become immediately perceptible even with less magnifying when the 
whole aperture is used, provided the mirror is spherical. 

In the use of the second test precautions have to be taken, as may be inferred 
from page 15, to set the opaque screen exactly in the proper position. Tlic best 
method for ascertaining its location is, having received the image into th(5 eye, 
placed purposely too near the mirror, to cause the screen to move across the cone 
of rays from the right towards the left side. A jet black shadow begins to advance 

at the same time, and in the same direction 
across the mirror. If the eye is then moved 
from the mirror sufficiently, tins black shadow 
can be made to originate by the same motion 
of the screen as before, from tlie loft or oppo- 
site side of the mirror. Midway between these 
extremes there is a point where the advance is 
from neither side. This is the true position 
for the screen when it is desired to see the im- 
perfections of the surface in highly exaggerat- 
ed relief, as in Fig. 20, which represents the 
appearance of Fig. 12.^ 

The interpretation of the lights and shadows 
upon the face of a mirror in this test is always 
easy, and the observer is not likely to mistake 
an elevation for a depression, if he bears in mind the fact that the surface under 


‘ In order to .examine Eig. 20, the book should be held with the left side of the page toward a 
window or lamp. The eye should also be at least two feet distant. The centre will then be seen to 
protrude, and the surface present the apparent section engraved below it. 


Fig. 20. 



Adjusting the Opaque Screen. 
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examination must always be regarded as illTinainated by an obliqne light coming 
from a source on the side opposite to that from which the screen advances, coming 
for instance from the left hand side, in the above description. 

In practice, the diaphragms commonly used for a 15| inch mirror have been as 
small as the light from the unsilvered surface would allow. A six inch aperture at 
the centre, a ring an inch wide round the edge, and a two inch zone midway between 
the two. 

e. MacJvi/ifies. 

In the beginning of this section the difficulties into which I fell with Lord Rosse’s 
machine were stated. These caused it at the time to be abandoned. A machine 
based on the same idea as Mr. Lassell’s beautiful ap^jaratus was next constructed. 
It varied, however, in this, that the hypocycloidal curve was described partly by the 
rotation of the mirror, and partly by the motions of the polisher — the axes of the 
spindles carrying the two being capable either of coincidence or lateral separation 
to a moderate extent. A great deal of time and labor was expended in grinding 
and polishing numerous mirrors with it, but still the difficulty that had been so 
annoying in the former machine persisted. Frequently, in fact generally, from six 
to eight zones of unequal focal length were visible, although on some occasions 
.when the mincor was hyperbolic, the number was jeduoed to two. At first it was 
supposed that the fault lay with the polishing, the pitch accumulating irregularly 
from being of improper softness, for it was found to be particularly prone to heap 
up at the centre. But after I had introduced a method of fine grinding with elu- 
triated hone powder, which enabled the glass to reflect light before the pitch 
polishing, it became evident that the zones were connected with the mode of 
motion of the mechanism. Many changes were made in the speed of its various 
elements, and a contrivance to contrtd the irregular motion of the polisher in tro- 
duced^ but a really fine and uniform parabolic surface was never obtained, the very 
best showing when finished zones of difierent focal lengths. Although it cannot 
be said that 1' have tried this machine thoroughly, for Mr. LasseH has produced 
specrda of exquisite defiTiiiig power with it, and must have avoided these imperfec- 
tions to a great extent, yet the evident necessity of complicating the movement’ 
considerably, to avoid the polishing in rings; led me to adopt an entirely ditferent 
construction, which was used until quite recently. Although it has now been 
replaced by another machine, which is still better in principle, and gives fine results 
much more quickly, yet as it produced one parabolic surface that bore a power of 
more than 1000, and as it serves to introduce the process of grinding, it is worthy 
of description. The action of machines for grinding and polishing has been 
thoroughly examined in my workshop, no less than seven different ones having 
been made at various times. 


^ Messrs. Be La Rue and Nasmyth, who used one of Mr. Lassell’s machines, as I have since 
learned, met with the same trouble, and were led to make two additions to the mechanism: 1, to 
control the rotation of the polisher rigorously; and 2, to give the whole speculnm a lateraT motion, 
by which the intersecting points of the curves described by the polisher were regularly changed in 
distance from the centre of the mirror. Mr. Lassell had previously, however, introduced a contrivance 
for this latter purpose himself. 
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The machine, which is a simp^fication of Lord Losse’s, was intended to give 
spiral strokes. It differed from the original, however, in demanding a changeable 
stroke, and in the absence of the lateral motion. In another most essential feature 
it varied from both that and Mr. Lassell’s, the mirror was always iippermost %ohUe 
polishing, and being uncounterpoised escaped to as great an extent as possible from 
the effects of irregular pressure. To any one who has studied the deformations of 
a reflecting surface, and knows how troublesome it is to support a mirror properly, 
the advantage is apparent. 


Pig. 21. 



Polishing Machine- 


The construction is as follows: A stout vertical shaft, a. Fig. 21, carries at its 
top a circular table h, upon whi<;h the polisher c is screwed. Below a band-wheel d 
is fixt'd. Above tlu‘ table, at a distance of four inches, a horizontal bar e is arranged, 
so as to move bucdc and forward in the direction of its length, and to carry with it 
by means of a scirew /, the mirror on, and its iron back or chuck oi. The bar is 
moved by a connecting rod /, attaclied to it at one end, and at the other to a pin y 



The Foot Power. 


moving a slot. This slot is in a crank h, carried by a vertical shaft i, near the 
former one a. The hand-wheel h is connected with the foot power. Fig. 22. The 
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machine, except those parts liable to wear by fraction, is made of wood. The ends 
o o' of the horizontal bar e, are defended by brass tubes working in mahogany, and 
have even now but little shake, though many hundred thousands of reciprocations 
have been made. 

The foot power consists of an endless band with wooden treads a a', passing at 
one end of the apparatus over iron wheels h h', which carry the band-wheel c upon 
their axle. At the other end it goes over the rollers dd'. Two pairs of inter- 
mediate wheels ee', serve to sustain the weight of the man or animal working in it. 
The treads are so arranged that they interlock, and form a platform, which will 
not yield downwards. Owing to its inclination when a weight is put on the plat- 
form «/, it immediately moves from h toward d and the band-wheel turns. By a 
moderate exertion, equivalent to walking up a slight incline at a slow rate, a power 
more than sufficient to polish a 15| inch mirror is obtained. This machine, 
in which ^'ery litth; force is lost in overcoming friction, is frequently employed 
for dairy use, and is moved commonly in the State of New York by a sheep. I 
have generally myself walked in the one used by me, and have travelled some days, 
during five hours, more than ten miles. 

In order to give an idea of the method of using a grinding and polishing machine, 
the following extract from the workshop note-book is introduced : — 

“ A disk of plate glass 15^ inches in diameter, and I;! inch thick was pro- 
cured. It had been polished flat on both sides, so that its internal constitution 
might be seen.^ It was fastened upon the table h of the machine, by four blocks 
of wood as at c. Fig. 21. Underneath the glass were three thick folds of blanket, 
15 inches in diameter, to prevent scratching of the lower face, and avoid risk of 
fracture. A convex disk of lead weighing 40 pounds having been cast, was laid 
upon the upper surface of the glass, and then the screw I was depressed so as to 
catch in a perforated iron plate n, at the back of the lead m, and press downward 
strongly. 

Emery as coarse as the head of a pin having been introduced, through a hole 
in the lead, motion was commenced and continued for half an hour, an occasional 
supply of emery being given. The machine made 150 eight-inch cross strokes, and 
the mirror 50 revolutions per minute. The grinder m was occasionally restrained 
from turning by the hand. At the end of the time the detritus was washed away, 
and an examination with the gauge made. A spot 11 inches in diameter, and 
of an inch deep, was found to have been ground out. The same process was con- 
tinued at intervals for ten hours, measurements with the gauge being frequently 
made. The concave was then sufficiently deep. The leaden grinder was kept of 
the right convexity by beating it on the back when ne?cessary. A finer variety of 
coarse emery, and after that flour emery were next put on, each for an hour. These 
left the surface moderately smooth, and nearly of the right focal length. The 
leaden grinder was then dismissed, and the iron one, Fig. 6, put in its stead. The 


* The glass that I have used has generally been such as was intended for dead-lights and sky- 
lights in ships. 
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mirror was removed from its place, and ground upon a large piece of flat glass for 
ten minutes, to produce a circular outline to the concavity. It was cemented with 
soft pitch to the concave iron disk, the counterpart of Fig. 6, and again recentred 
on the blanketed table h. Emeries of 3 and 20 seconds, and 1, 3, 10, 30, 60 minutes’ 
elutriation were worked on it, an hour. each. The rate of cross motion was reduced 
to 25 per minute to avoid heating, the mirror still revolving once for every three 
cross strokes. The screw pressure of I was stopped. This produced a surface 
exquisitely fine, semi-transparent, and appearing as if covered with a thin film of 
dried milk. It could reflect the light from objects outside the window until an 
incidence of 45 degrees was reached, and at night was found to be bright enough 
for a preliminary examination at the centre of curvature. 

“ The polisher was constructed in the usual way (page 12), and being smeared 
with rouge was fastened to the table £, where the mirror had been. The latter 
warmed in water to 120° F., was then put face downwards upon the former, and 
the screw I so lowered as to cause no pressure. The machine was allowed to make 
20 four-inch cross strokes per minute, and the polisher to revolve onc;e for every 
three strokes. The mirror being unconstrainedly supported on th(! polisher, was 
irregularly rotated by hand, or rather prevented from rotating with tluj polisher. 
The tendency of this method is to produce an almost spherical surface, '['o (diange 
it to- a paraboloid, it was only necessary when the glass was polished all over to 
increase the length of the stroke to 8 inches, and continue working fifteen minutes 
at a time, examining in the intervals by the tests at the centre of curvature. The 
production of a polish all over occupied about two hours, l)ut the correction of 
figure took more time, on account of the frequent examinations, and tlie absolut(j 
necessity of allowing the mirror to come back to a state of equilibrium from wbifli 
it had been disturbed when worked on the machine.” I have setni a mirror wliicdi 
was parabolic when just off the machine, by cooling over night Ix'conu! spherical. 
And these heat changes are often succeeded by other slower mohaailat movements, 
which continue to modify a surface for many days after. 

bhis correction, where time and not length of stroke is the governing agent, has 
once or twice bcjen accomplished in fifteen minutes, but sometimes has ct)st several 
hours. If the figure should have become a hyperboloid of revolution, that is, liave 
its edge zones too long in comparison with the centre, it is only mxH’ssary to shorten 
the stroke to bring it back to the sphere, or even to overpass tliat and produce a 
surface in which at the' centre of curvature the edge zones have too short a focal 
length (Fig. 12). 

Very much less trouble from zones of unequal focal length was experienced after 
this machine and system of working were adopted. This was owing probably partly 
to the element of irregularity in the rotation of the mirror, and partly to the fact 
that the surface is kept spherical until polished, and is then rapidly changed to 
the paraboloid. Where the adjustments of an apparatus are made so as to attempt 
to keep a surface parabolic for some hours, there is a strong tendency for zones to 
appear, and of a width bearing a fixed relation to the stroke. 

The method of producing reflecting surfaces next to be spoken of, is however 
that which has finally been adopted as the best of all, being capable of forming 
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mirrors which are as perfect as can be, and yet only requiring a short time. It 
is the correction of a surface by local retouches. In the account published by M. 
Foucault, it aj>pears that he is in France the inventor of this improvement. 

The mode of practising the retouches is as follows ; Several disks of wood, as a. 
Fig. 23, varying from 8 inches to | an inch in diameter, are to be provided, and 
covered with pitch or rosin of the usual hardness, in squares 
as at c, on one side.”^ On the other a low cylindrical handle 

is to be fixed. The mirror a. Fig. 24, having been fined 
with the succession of emeries before described, is laid face 
upward on several folds of blanket, arranged upon a circular 
table, screwed to an isolated post in the centre of the apart- 
ment, which permits the operator to move completely round it. An ordinary barrel 
has generally supplied the place of the post, the head c. Fig. 24, serving for the 
circular table, and the rim 7> preventing the mirror sliding 
off. The other end is fiistened to the fioor by four elects d d' . 

The large polisher is first moved over the surface in straight 
strokes upon every chord, and a moderate pressure is ex- 
erted. As soon as the mirror is at all brightened, perhaps in 
five minutes, the operation is to be suspended, and an ex- 
amination at the centre of curvature made. By carefully 
turning round, the best diameter for support is to be found, 
and marked with a rat-tail file on the edge, and then the 
curve of the mirror ascertained. If it is nearly spherical, seotion of Optician’s Post, 
as will be the case if the grinding has been conducted with 

care and irregular heating avoided, it is to be replaced on the blanketed support, and 
the previous action kept u];) until a fine polish, free from dots like stippling, is 
attained. This stage should occupy three or four hours. Another examination 
should reveal* the same appearances as the preceding. It is next necessary to 
lengthen the radius of curvature of the edge zones, or w’hat is much better shorten 
that of the centre, so as to convert the section curve into a parabola- This is 
accomplished by straight strokes across every diameter of the face, at first with a 
4 inch, then with a 6 inch, and finally with the 8 inch polisher. Examinations 
must, however, be made every five or ten minutes, to determine how much lateral 
departure from a direct diametrical stroke is necessary, to render the curve uniform 
out to the edge. Care must be taken always to warm the polisher, either in front 
of a fire or over a spirit lamp, before using it. 

Perhaps the most striking feature in this operation is that the mirror presents 
continually a curve of revolution, and is not diversified with undulations like a 
ruffle. By walking steadily round the support, on the top of which the mirror is 
placed, there seems to be no tendency for such irregularities to arise. 

If the correction for spherical aberration should have proceeded too far, and 
the mirror become hyperbolic, the sphere can be recovered by working a succession 


Fig, 24. 



Fig- 23. 



Local Polisher. 


^ M. Foucault used plano-convex lenses of glass, of a radius of curvature slightly less than that 
of the mirror, and covered with paper on the convex face. 
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of polishers of increasing size on the zone a, Fig. 16, intermediate between the 
centre and edge, causing their centres to pass along every chord that can be de- 
scribed tangent to the zone. 

A most perfect and rapid control can thus be exercised over a surface, and an 
uniform result very quickly attained. It becomes a pleasant and interesting occupa- 
tion to produce a mirror: But two effects have presented themselves in this 
operation, which unfortunately bar the way to the very best results. In the first 
place the edge parts of such mirrors, for more than half an inch all around, bend 
backwards and become of too great focal length, and the rays from these parts 
cannot be united with the rest forming the image. In the second place, the sur- 
face, when critically examined by the second test, is found to have a delicate wavy 
or fleecy appearance, not seen in machine polishing.^ Although the variations from 
the true curve implied by these latter greatly exaggerated imperfections are ex- 
ceedingly small, and do not prevent a thermometer bulb in the sunshine appearing 
like a disk surrounded by rings of interference, yet they must divert some undula- 
tions from their proper direction, or else they would not be visible. All kinds of 
strokes have been tried, straight, sweeping circular, hypocycloidal, &c. without 
effecting their removal. M. Foucault, who used a paper polisher, also encountered 
them. Eventually they were imputed to the unequal pressure of the hand, and in 
consequence a machine to overcome the two above mentioned faults of manxiul 
correction was constructed. 

The mirror a, is carried by an iron chuck or table &, covered with a triples 


Fig. 2.5. 



Machine for Local Corrections, 


fold of blanket, and is prevented from slipping off by four elects c c'. The vertical 
shaft A passes through a worm-wheel e, the endless screw of which /, is driven 
by a band g, from the primary shaft 7i. At i is the band-wheel for connection to 


^ By this it is not meant that there is a rippled polish, like that produced by buckskin. 
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tlie foot-power. At one end of the primary sliaft is firmly fixed the cogwheel 
which drives the crank-shaft 1. Attached to the horizontal part of Z, is the crank- 
pin m. The two bolts n n' move in a slot, so that the crank-pin may be set at any 
distance from 0 to 2 inches, out of line with 1. Above, the crank-pin carries one 
end of the bar o, the other end passing through an elliptical hole in the oak-block 
p. Down the middle of the bar runs a long slot, through which the screw-pin q 
passes, and which permits q to be brought over any zone from the centre to the 
edge of the mirror a. It is retained by the bolts rr', which are tapped into s. 
The local polisher is seen at t. The curve which the centre of the local polisher 
describes upon the face of the mirror, varies with the adjustments. Pig. 26 is a 
reduction from one traced by the machine, the overlapping 
being seen on the left side. The mirror is not tightly con- 
fined by the elects co', for that would certainly injure the 
figure, but performs a slow motion of rotation, so that in 
no two successive strokes are the same parts of tlie edge 
pressed against them. 

Tlie local polishers are made of lead, alloyed with a small 
proportion of antimony, and are 8, 6, and 4 inches in di- 
ameter, respectively. The largest and smallest are most 
used, the former on account of its size polishing most 
quickly, but the latter giving the truest surface. The rosin 


f'ig. 26« 



Hjpooyoloidal Cu»ve. 


that covers them is just indentable by the thumb nail, and is arranged in a novel 
manner. The leaden basis, as seen at Z, Pig. 25, is perforated in many places with 
holes, which permit evaporation, serve for the introduction of water where needed, 
and allow the rosin to spread freely. Grooves are made from one aperture to 
another, and the rosin thus divided into irregular portipns. The eftbets of the pro- 
duction of heat are in this way avoided. 

The mirror may be ground and fined on this machine, in the same manner as on 


that described at page 21, or it may be ground with a small tool 8 inches in 
diameter, as recently suggested by M. Foucault, the results in the latter case being 
just as good a surface of revolution as in the former. It is best polished with the 
8 inch, and a mjderate pressure may be given by the screw if the pitch is not 
too soft. This, however, tends to leave an excavated place at the centre of the 
mirror, the size depending on the stroke of the crank «/, which should be about 2 
inches. The pin q ought to be half way from the centre to the edge of the mirror, 
but must be occasionally moved right or left an inch along the slot. When the 
surface is approaching a perfect polish, the warmed 4 inch polisher must be put in 
the place of the 8 inch. The pin q must be set exactly half-way between the centre 
and edge of the mirror, and the crank must have a stroke of two inches radius. 
The polisher then just goes up to the centre of the glass surface with one edge, 
and to the periphery with the other, while the outer excursion of the inner edge 
and inner excursion of the outer edge meet, and neutralize one another at a mid- 
way point. Wherever the edge of a polisher changes direction many times in 
succession, on a surface, a zone is sure to form, unless avoided in this manner. AH 
the foregoing description is for a 1 5| inch mirror. 

4 June. 1864. 
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By this system of local polishing the difficulties of heat, distribution of polishing 
powders, irregular contact of the rosin, &c. that render the attainment of a tine 
figure so uncertain usually, entirely disappear. A spherical surface is produced as 
above described, and afterwards by moving g- towards the edge, and at the same 
time increasing the stroke, it is converted into a paraboloid. The fieecy appearance 
spoken of on a former page is not perceived, and the surface is good almost up to 
the extreme edge. 

(4.) Eye-Pieoes, Plane Mirrors and Test Objects. 

The telescope is furnished with several eye-pieces of various construction, giving 
magnifying powers from 75 to 1200, or if it were desired even higher. For the 
medium powers 300 and 600 Bamsden, or rather positive eye-pieces have been 
adopted. They differ, however, from the usual form in being achromatic, that is, 
each plano-convex is composed of a flint and crown, arranged according to formulas 
calculated by Littrow. In this way a large flat field and absence of color are 
secured, and the fine images yielded by the mirror are not injured. For the higher 
powers, single achromatic lenses are used, and for the highest of all a jltoss 
microscope. 

With these means it has been found that the parabolic surfaces yielded by the 
processes before described, will define test objects excellently. Of close double 
stars they will separate such as Andromedte, and show the colors of the comj)o- 
nents. In the case of unequal stars which seem to be more severe tests, they can 
show the close companion of Sirius — discovered by Mr. Alvan Clark’s magnificent 
refractor— the sixth comxionent of 6^ Orionis, and a multitude of other difficult 
objects. 

As an exam^fie of light collecting power, Debillisima between s and 5 Lyric is 
found to be quintiqfie, as first noticed by Mr. Lassell. In the 18| inch specula of 
Herschel, it was only recorded as double, and, according to Admiral Smyth, Lord 
Ilosse did not notice the fourth and fifth components. Jupiter’s moons show with 
beautiful disks, and their difference in diameter is very marked. As for the body 
of that planet, it is literally covered with belts uj) to the poles. The bright and 
dark spots on Venus, and the fading illumination of her inner edge, and its irregu- 
larities are perceived even when the air is far from tranquil. Stars are often seen 
as disks, and without any wings or tails, unless indeed the mirror should be wrongly 
placed, so that the best diameter for support is not in the perpendicular plane, pass- 
ing through the axis of the tube. 

It has been found that no advantage other than the decrease of atmospheric 
influence on the image, results from cutting down the aperture of these mirrors by 
diaphragms, while the disadvantage of reducing the separating power, is perceived 
at the same time. Faint objects can be better seen with the whole surface than 
with a reduced aperture, and this though apparently a property common to all 
reflectors and object glasses is not so in reality. A defective edge will often cause 
the whole field to be filled with a pale milky light, which will extinguish the fainter 
stars. Good definition is just as important for faint as for close objects. 

The properties of these mirrors have been best shown by the excellence of the 
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photographs taken with them. Although these are not as sharp as the image seen 
in the telescope, yet it must not be supposed that an imperfect mirror will give just 
as good pictures. A photograph which is magnified to 3 feet, represents a power 
of 380. As the original negative taken at the focus of the mirror is not quite 
inch in diameter when the moon is at its mean distance, it has to be enlarged 
about 25 times, and has therefore to be very sharp to bear it. 

The light collecting power of an unsilvered mirror is quite surprising. With a 
15| inch, the companion of a Lyrae can be perceived, though it is only of the 
eleventh magnitude. The moon and other bright objects are seen with a purity 
highly pleasing to the eye, some parts being even more visible than after silvering. 
In order to finish this description, one part more of the optical apparatus requires 
to be noticed — the plane mirrors. In the Newtonian refiector the image is rejected 
out at the side of the tube by a flat surface placed at 45° with the optical axis of 
the large concave.^ If this secondary mirror is either convex or concave, it modifies 
the image injuriously, causing a star to look like a cross, and this though the curva- 
ti;re be so sliglit as hardly to be perceptible by ordinary means. For a long time 
I used a piece 3 X 5 inches, which was cut from the centre of a large looking-glass 
accidentally broken, but eventually found that by grinding three pieces of 6 inches 
in diameter against one another, and polishing them on very hard pitch, a nearer 
approach to a true plane could be made. They were tested by being put in the 
telescope, and observing whether the focus was lengthened or shortened, and also 
by trial on a star. When sufficiently good to bear these tests, a piece of the right 
size was cut out with a diamond, from the central parts. 


§2. THE TELESCOPE MOUNTING. 


d’he telescope is mounted as an altitude and azimuth instrument, but in a manner 
that causes it to difter from the usual instrument of that kind. The essential 


feature is, that tJie eye-piece or plmie of the sens-itive plate is 
statimiary at all altitudes^ the observer always looking 
straiglit forward, and never having to stoop or assume in- 
convenient and constrained positions. 

The stationary eye-piece mounting was first used by 
Miss Caroline Herschel, who had a 27 inch Newtonian 
arranged on that plan. Fig. 27. (Smyth’s Celestial Cycle.) 

Subsequently it was applied to a large telescope by Mr. 
Nasmyth, the eminent engineer, but no details of his con- 
struction have reached me. He used it for making draw- 
ings of the moon, which are said to be excellently executed. 

When it became necessary to determine how my tele- 
scope should be mounted, I was strongly urged to make it 


Fig. 27. 



Miss HersoheVs Telescope. 


^ A right-angled prism cannot bo used with advantage to replace the plane silvered mirroi'S, because 
it transmits less light than they reflect, is more liable to injure the image., and the glass is apt to be 
more or less colored. Its great size and cost, one three inches squai’e on two faces being required 
for my purijoses, has also to be considered. 
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an equatorial. But after reflecting on the fact that it was intended for photograph}’’, 
and that absolute freedom* from tremor was essential, a condition not attained in 
the equatorial when driven by a clock, and in addition that in the case of the moon 
rotation upon a polar axis does not suffice to counteract the motion in declination, 
I was led to adopt the other form. 

A great many modifications of the original idea have been made. For instance, 
instead of counterpoising the end of the tube containing the mirror by extending 
the tube to a distance beyond the altitude or horizontal axis, I introduced a system 
of counterpoise levers which allows the telescope to work in a space little more than 
its own focal length across. This construction permits both ends of the tube to be 
supported, the lower one on a wire rope, and gives the greatest freedom from tremor, 
the parts coming quickly to rest after a movement. In the use of the telescope for 
photography, as we shall see, the system of bringing the mass of the instrument to 
complete rest before exposing the sensitive plate, and only driving that plate itself 
by a clock, is always adopted. 

The obvious disadvantage connected with the alt-azimuth mounting — the diffi- 
culty of finding some objects — has not been a source of embarrasment. In fact 
the instability of the optical axis in reflecting instruments, if the mirror is uncon- 
strainedly supported, as it should be, renders them unsuitable for determinations of 
position. A little patiencje will enable an observer to find all necessary tests, or 
curious objects. 

The mounting is divided into : a. The Tube ; and b. The supporting frame. 

a. T/te T'uhe. 

The telescope tube is a sixteen sided prism of walnut wood, 18 inches in diameter, 
and 12 feet long. The staves are f of an inch thick, and are hooj)ed together with 
four bands of brass, capable of being tightened by screws. Inside the tube are 
placed two rings of iron, half an inch thick, reducing the internal diamciter to about 
16 inches. At opposite sides of the upper end of the tube are screAved the per- 
forated trunnions a. Fig. 28 (of wliich only one is shown), upon which it swings. 
Surrounding the other end is a wire rope h h' h'\ the ends of which go over the 
pulleys G (c' not shown) on friction rollers, and terminate in disks of lead d d! . 
These counterpoises are fastened on the ends of levers e e', which turn below on a 
fixed axle /. 

By this arrangement as the tube assumes a horizontal position and becomes, so 
to speak, heavier, the counterpoises do the same, while when the tube becomes 
perpendicular, and most of its weight falls upon the trunnions, the counterpoises are 
carried mostly by their axle. A continual condition of equilibrium is thus reached, 
the tube being easily raised or depressed to any altitude desired. It is necessary, 
however, to constrain the wire rope £ V h", to move in the arc of the circle described 
by the end of the tube and ends of the levers and hence the twelve rollers or guide 
pulleys g g' g" . Over some of the same pulleys a thin wire rope h h' runs, but while 
its ends are fastened to the lower part of the tube at &, the central parts go twice 
around a roller connected with the winch % near the eye-piece, thus enabling the 
observer to move the telescope in altitude, without taking the eye from the eye-niece. 
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The iron wire rope required to be carefully made, so as to avoid rigidity. It 
contains 2 J miles of wire, of an inch in diameter, and has 300 strands. Each 
single wire will support 7 pounds It is, however, more flexible than a hempen 
rope of the same size, owing to its loose twisting. 

At the lower end of the tube, at the distance of a foot, and crossing it at right 
angles, held by three bars of iron i i'- i'\ Fig. 29, is a circular table of oak e, which 


Kig. 29. 



The Mirror Sxippoi*t. 


carries an India-rubber air sac cZ, and upon this the mirror / is placed. The edge 
support of the mirror is furnished by a semicircular band of tin-plate a, lined inside 
with cotton, and fastened at the ends by links of chain 6, (h' not seen) to two screws 
c c'; g and 7i are the wire ropes, marked h and Ji in Fig. 28. 

Instead of the blanket support which Herschel found so advantageous, M. Fou- 
cault has suggested this use of an air sac. In his instrument there is a tube going 
up to the observer, by which he may adjust its degree of inflation. It requires 
that there should be three bearings cc' c", in front of the mirror, against which it 
may press when the sac behind is inflated, otherwise the optical axis is altogether 
too instable, and objects cannot be found. The arrangement certainly gives beau- 
tiful definition, bringing stars to a disk when the glass just floats, without touching 
its front bearings. The first sac that I made was composed of two circular sheets 
of India-rubber cloth, joined around the edges. But this could not be used while 
photographing, because the image was kept in a state of continuous oscillation if 
there was a breeze, and even under more favorable circumstances took a long time 
to come to rest. It was not advisable to blow the mirror hard up against its three 
front bearings, in order to avoid the instability, for then every point in of an object 
became triple. To the eye the oscillations were not offensive, because the swaying 
image was sharp. 

Subsequently, however, an air chair cushion was procured, and as the surface was 
flat instead of convex the difficulty became so much less, that the blanket support 
was definitely abandoned. It is necessary that the mirror should have free play in 
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the direction of the length of the tube when this kind of support is used, and that 
is the reason why the tin edge hoop must terminate in links of chain. 

The interval, eight or ten inches, which separates the face of the mirror from the 
tube, is occupied by a curtain of black velvet, confined below by a drawing cord 
and tacked above to the tube. This permits access to the mirror to put a glass 
cover on it, and when shut down stops the current of air rushing iip. When the 
instrument is not being used this curtain is left open, because the mirror and tube 
are in that case kept more uniform in temperature with the surrounding air. 

In spite of such contrivances there is still sometimes a strong residual current 
in the tube. I have tried to overcome it by covering the mouth of the tube with 
a sheet of flat glass, but have been obliged to abandon that because the images 
were injured. At one time, too, when it was supposed that the current was partly 
from the observer’s body, heated streams of air going out around the tube, the 
aperture in the dome was closed by a conical bag of muslin, which fitted the mouth 
of the telescope tightly. The only advantages resulting were mere bodily comfort 
and a capability of perceiving fainter objects than before, because the sky-light 
was shut off. 

b. The Supporting Frame, 

The frame which carries the preceding parts is of wood, and rests on a vertical 
axis a. Fig. 30, turning below in a gun-metal cup 5, supported by a marble block 


Fig. 30. 



Section of Azimuth Axis. 


testing on the solid rock. The upper end of the axis is sustained by two collars, 
one e d above, and the other below an intermediate triangular box e d from the 
sides of which three long beams /// 12 x3 inches diverge, gradually declining 
till they meet the solid rock at the hmits of the excavation in which the observatory 
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and prevent the access of moistut sheathing, to deaden vibration 



This tripod support in connection with the sustainino- rvf f-Ti + i 
rope, gives that steadiness which is so essential ^ ! ^ by the wire 
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large enough, to contain the tube of the telescope. At right angles to the parallelo- 
gram below, and close upon it, a braced bar o o'. Fig. 28, crosses. From its ex- 
tremities four slanting braces as at jp Fig. 28, go to the corners of the upper 
parallelogram, and combine to give it lateral support. At the top of one close 
pair of the perpendiculars n' , Fig. 28, are bronze frames carrying friction rollers 
upon which the trunnions move, while similarly upon the other pair n are two 
pulleys, also on friction rollers, for the wire rope coming from the counterpoises. 

Movement in altitude is very easily accomplished, and with the left hand upon 
the winch i, under high powers, both altitude and azimuth motions are controlled, 
and the right hand left free. The whole apparatus works so well, that in ordinary 
observation the want of a clock movement has not been felt. Of course for pho- 
tography that is essential. 


§3. THE CLOCK MOVEMENT. 

The apparatus for following celestial bodies is divided into two parts ; a. The 
Sliding Plate-holder ; and b. The ^jJlepsydra. In addition a short description of the 
Sun-Camera, c, is necessary. 

a. TJtj& Sliding Plate-holder, 

Mr. De La Rue, who has done so much for celestial photography, was the first 
to suggest photographing the moon on a sensitive plate, carried by a frame moving 
in the apparent direction of her path. He never, however, applied an automatic 
driving mechanism, but was eventually led to use a clock wliich caused the 
whole telescope to revolve upon a polar axis, and thus compensate for the rotation 
of the earth, and on certain o(!casions for the motion of the moon herself. In this 
way he has produc;ed the best results that have been obtained in Europe. Lord 
Rossti, too, employed a similar sliding platoholder, but provided with clock-work 
to move it at an appropriate rate. 1 have not been able as yet to procure any 
precise account of eitlier of these instruments. 

The first x^hotograpliic representations of the moon ever made, were taken by 
my father, Professor John W. Draper, and a notice of them published in his quarto 
work “ On the Forces that Organize Plants,” and also in the September number, 
1840, of the London, Edinburgh, and Dublin Philosophical Magazine. He pre- 
sented the specimens to the New York Lyceum of Natural History. The Secretary 
of that Association has sent me the following extract from their minutes : — 

March 2Zd, 1840. Dr. Draper announced that he had succeeded in getting a 

representation of the moon’s surface by the Daguerreotype The time 

occupied was 20 minutes, and the size of the figure about 1 inch in diameter. 
Daguerre had attempted the same thing, but did not succeed. This is the first time 
that anything like a distinct representation of the moon’s surface has been obtained. 

“ Robt. H. Brownne, Secretary,’’ 

As my father was at that time however much occupied with experiments on the 
Chemical Action of Light, the Influence of Light on the Decomposition of Car- 

f) June, 1864:* 
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bonic Acid by Plants, the Fixed Lines of the Spectrum, Spectrum Analysis, &c., the 
results of which are to be found scattered through the Philosophical Magazine, 
Sihiman’s Journal, and the Journal of the Franhlin Institute, he never pursued this 
very promising subject. Some of the pictures were taken with a three inch, and 
some with a five inch lens, driven by a heliostat. 

In 1850, Mr. Bond, taking advantage of the refractor of 15 inches aperture at 
Cambridge, obtained some fine pictures of the moon, and subsequently of double 
stars, more particularly Mizar in Ursa Major. The driving power, in this instance, 
was also applied to move the telescope upon a polar axis. 

Besides these, several English and continental observers, Messrs. Hartnnp, Phillips, 
Crookes, Father Secchi,.and others, have worked at this branch of astronomy, and, 
since 1857, Mr. Lewis M. Rutherfurd, of New York, has taken many exquisite 
lunar photographs, which compare favorably with foreign ones. 

But in none of these instances has the nse of the sliding platen-holder been per- 
sisted in, and its advantages brought into view. In the first place it gets rid com- 
pletely of the difficulties arising from the nioon’§ motion in declination, and in the 
second, instead of injuring the photograph by the tremors produced in moving the 
whole heavy mass of a telescope weighing a ton or more, it only necessitates the 
driving of an arrangement weighing scarcely an ounce. 

My first trials were witli a frame to contain the sensitive plate, held only at three 
points. Two of these were at the ends of screws to be turned by the hands, and 
the third was on a spring so as to maintain firm contact. This apparatus worked 
well in many respects, but it was found that however much care might he tdien, 
the hands always caused some tremor in the instrument. It was evident then 
that the difficulty from friction which besets the movements of all such delicate 
machinery, and causes jerking and starts, would have to be avoided in some other way. 

I next constructed a metal slide to run between two parallel strips, and ground 
it into position with the greatest care. This, when set in the direction of the moon’s 
apparent path, and moved by one screw, worked better than the preceding. But 
it was soon perceived that although the strips fitted the frame as tightly as practi- 
cable, an adhesion of the slide took place first to one strip and then to the other, and 
a sort of undnlatory or vermierdax progression resulted. The amount of deviation 
from a rectilinear motion, though small, was enough to mjure the photographs. 
At this stage of the investigation the regiment of vohmteers to which 1 belonged 
was called into active service, and I spent several months in Virginia. 

IVCy brother, Mr. Daniel Draper, to whose mechg,nical ingemiity I have on several 
occasions been indebted for assistance in the manifold difficulties that have arisen 
while constructing this telescope, continued these experiments at intervals. He 
presented me on my return with a slide and sand-clock, with which some excellent 
photographs have been taken.* He had found that unless the slide above mentioned 
was made ungovernably long, the same trouble continued. He then ceased catch- 
ing the sliding frame A, Fig. 32, by two opposite sides, and made it run along a 
single steel rod tt, being attached by means of two perforated plates of brass S, 1 / . 
The cord { going to the sand-clock, was applied so as to pull as nearly as possible in 
the direction of the rod, A piece of cork c, gave the whole steadiness, and yet 
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Fig. 32. 


softness of motion. The lower end of the frame was prevented from swinging back 
4uid forward by a steel pin which played along the glass rod e. All these parts 
were attached to a frame Z;, fitting on the eyepiece 
holder, and permitting tlie rod a to change from 
the horizontal position in which it is here drawn, to 
any angular one desired. The thumb-screw/* re- 
tained it in place ; g and g' are j)ulleys which per- 
mit the cord to change direction. 

Subsequently, a better method of examining the 
uniformity of the rate, than by noticing the sharp- 
ness of the x>hotograph prodiiced, was invented. I t 
consists in arranging a fixed microstjope, magnify- 
ing about 40 times, at the back of the ground glass 
plate, which fits in tlie same slide as the sensitive 
plate. By watching the granulated appearance 
pass before the eye, as the slide is moved by tlie 
clock, the slightest variation from uniformity, any pulsatile or jerking movement is 
rendered visible. By the aid of this microscopic exaggeration, it was seen that 
occasionally, when there had been considerable changes in temperature, the steadi- 
ness of the motion varied. This was traced to the irregular slipping of 6, V . 

A different arrangement was then adopted, by which a lunar crater can be 
kept bisected as long as is necessary, and which gives origin to no irregularities, but 
pursues a steady course. The principle is, not to allow a slipping friction anywhere, 
but to substitute rolling friction, upon wheels turning on points at the ends of their 
axles. The following wood-cut is half the real size of tliis arrangement. 



Sliding Plate-liolder. 


Fig. 33, 



Frictioiiless Slide (front view). 



Seotional view. 
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A glass rod a, a'. Fig. 33, is sustained by two wheels h', and kept in contact 
with them by a third friction roller c, pressed downward by a spring. This rod 
carries a circular frame d, d' , upon which at e, e', e" , are three glass holders and 
platinum catches. A spring f holds the sensitive plate in position, by pressing 
against its back. The circular frame d is kept in one plane by a fourth friction 
roller which runs on a glass rod /#-, and is kept against it by the inward pressure 
of the overhanging frame d. The cord i is attached to the arm h, and pulls in the 
direction of the glass rod a. From m to a fixed point near a strip of elastic India- 
rubber is stretched, to keep the cord tight. The ring of brass n, n' carries the 
whole, serving as a basis for the stationary parts, and in its turn being fastened to 
the eyepiece holder, so as to allow the glass rod a to change direction, and be 
brought into coincidence with the apparent path of the moon. At o is a thumb- 
screw or clamp Through the ring n, n\ a groove is cut, into which a piece of 
yellow glass may be placed, when the actinic rays are to be shut off from the plate. 

Since this contrivance has been completed, all the previous difficulties have 
vanished. The moving of a plate can be accomplished with such precision, that 
when the atmosphere was steady, negatives were taken which have been enlarged 
to three feet in diameter. 

The length of time that such a slide can be made to run is indefinite, depending 
in my case on the size of the diagonal flat mirror, and aperture of the eyepiece 
holder. 1 can follow the moon for nearly four minutes, but have never required 
to do so for more than fifty seconds. At the mouth of the instrument, where no- 
secondary mirror is necessary, the time of running could be increased. 

The setting of the frictionless slide in angular position is accomplished as follows : 
A ground glass plate is put into it, with the ground face toward the mirror. Upon 
this face a black line must have been traced, precisely parallel to the itod <t. This 
may be accomplished by firmly fixing a pencil point against the ground side, and 
then drawing the frame d and glass past it, while the rest of the slide is held fast. 
As the moon passes across the field, the position of the apparatus must be changed, 
until one of the craters runs along the line from end to end. A cross line drawn 
perpendicular to the other, serves to adjust the rate of the clepsydra as we shall 
see, and when a crater is kept steadily on the intersection for twice or three times 
the time demanded to secure an impression, the adjustment may be regarded as 
complete. 

It is necessary of course to expose the sensitive plate soon after, or the apparent 
path of the moon wifi, have changed direction, unless indeed the slide is set to suit 
a future moment. 


b. T7ie Glejpsydra. 

My prime mover was a weight supported by a column of sand, which, when the 
sand was allowed to run out through a variable orifice below, could be made to 
descend with any desired velocity and yet with uniformity. In addition, by these 
means an unlimited power could be brought to bear, depending on the size of the 
weight. Previously it was proposed to use water, and compensate for the decrease 
in flow, as the column shortened, by a conical vessel ; but it was soon perceived that 
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as eacli drop of water escaped from, the funnel-shaped vessel, only a corresponding 
weight would be broiight into play. This is not the case with sand, for in this 
instance every grain that passes out causes the whole weight that is supported by 
the cohimn to come into action. In the former instance a movement consisting of 
a series of periods of rest and periods of motion occurs, because power has to accu- 
mulate by floating weight lagging behind the descending water, and then suddenly 
overtaking it. In the latter case, on the contrary, there is a regular descent, all 
minor resistances in the slide being overcome by the steady application of the whole 
mass of the weight. 

When these advantages in the flow of sand were ascertained, all the other prime 
movers were abandoned. Mercury-clocks, on the principle of the hydrostatic para- 
dox, air-clocks, &c., in great variety, had been constructed. 

The sand-clock consisted of a tube a (Fig. 34), eighteen inches long and one and 
a half in diameter, nearly filled with sand that had been raised to a brijfht red heat 
and sifted. Upon tlie top of the sand a leaden 
weight h was placed. At the bottom of the 
tube a peculiar stopcock, seen at (2) enlarged, 
regulated the flow, the amount passing depend- 
ing on the size of the aperture d. This stop- 
cock consisted of two thin plates, fixed at one 
end and free at the other. The one marked e 
is the adjusting lever, and its aperture moves 
past that in the plate g. The lever f serves to 
turn the sand off altogether, witho.ut disturbing 
the size of the other aperture, which, once set 
to the moon’s rate, varies but slightly in short 
times. A movable cover h, perforated to allow 
the cord i to pass through, closed the top, while 
the vessel Z: retained the escaped sand, which at 
suitable times was returned into the tube ct, the 
weight h being temporarily lifted out. From 
the clock the cord i communicated motion to 
the frictionless slide, as shown in Fig. 33. This cord should be as inelastic as 
possible, consistent with pliability, and well waxed. 

One who has not investigated the matter would naturally suppose that the flow 
of sand in such a long tube would be much quicker when the tube was 'full thair 
when nearly empty, and that certainly that result would occur when a heavy weight 
was put on the shifting mass. But in neither case have I been able to detect the 
slightest variation, for, although by shaking the tube a diminution of the space 
occupied by the sand may be caused, yet no increase of weight tried could accom- 
plish the same reduction. These peculiarities seem to result from the sand arching 
as it were across the vessel, like shot in a narrow tube, and only yielding when the 
under supports are removed. In blasting, a heavy charge of gunpowder can be 
retained at the bottom of a hole, and made to split large masses of rock, hy filling 
the rest of the hole with dry sand. 


Fig. 34. 



The Sand-Clook. 
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I believe that no prime mover is more suitable than a sand-clock for purposes 
where steady motion and a large amount of power are demanded. The simplicity, 
for instance, of a heliostat on this plan, the large size it might assume, and its 
small cost, would be great recommendations. In these respects its advantages over 
wheelwork are very apparent. The precision with which such a sand-clock goes 
may be appreciated when it is stated, that under a power of 300 a lunar crater can 
be kept bisected for many times the period required to photograph it. To secure 
the greatest accuracy in the rate of a sand-clock, some precautions must be taken. 
The tube should be free from dents, of uniform diameter, and very smooth or 
polished inside. W^ater must not be permitted to find access to the sand, and 
hygrometric varieties of that substance should be avoided, or their salts washed out. 
The sand should be burned to destroy organic matter, and so sifted as to retain 
grains nearly equal in size. The weight, which may be of lead, must be turned so 
as to go easily down the tube, and must be covered with writing paper or some 
other hard and smooth material, to avoid the proneness to adhesion of sand. A 
long bottle filled with mercury answers well as a substitute. 

I have used in such clocks certain metallic preparations ; Fine shot, on account 
of its equality of size, might do for a very large clock with a considerable oxiening 
below, but is unsxiitable for a tube of the size stated above. Tliere is, however, 
a method by which lead can be reduced to a divided condition, like fine gunpowder, 
when it may replace the sand. If that metal is melted with a little antimony, and 
while cooling is shaken in a box containing some plumbago, it breaks uj) at the 
instant of solidifying into a fine powder, which is about five times as heavy as sand. 
If after being sifted to select the grains of x^roper size, it is allowed to run through 
a small hole, the flow is seen to be entirely different from that of sand, looking as 
if a wire or solid rod were descending, and not an aggregation of particles. It is 
probable, therefore, that it would do better than sand for this purpose. I have not, 
however, given it a fair trial, because just at the time when the experiments with the 
sand-clock had reached this point, I determined to try a clepsydra as a prime mover. 

The reason which led to this change was that it was observed on a certain occa- 
sion when the atmosxjhere was steady, that the photographs did not correspond in 
sharpness, being in fact no better than on other nights when there was a consider- 
able flickering motion in the air. A further investigation showed that in these 
columns of sand there is apt to be a minute vibrating movement. At the xfia^te- 
holder above this is converted into a series of arrests and advances. On some 
occasions, however, these slight deviations from continuous motion are entirely 
absent, and generally, indeed, they cannot be seen, if the parts of the image seem 
to vibrate on account of currents in the air. By the aid of the microscopic exag- 

geratioli described on a former page — ^which was subsequently put in practice 

they may be observed easily, if present. 

When the negative produced at the focus of the great mirror is intended to be 
enlarged to two feet or more in size, these movements injure it sensibly. A variety 
of expedients was resorted to in order to avoid them, but none proved on aU 
occasions successful. 

It is obvious that in a water-clock, where the mobility of the fluid is so much 
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greater than that of solid grains, this difficulty would not arise. The following 
contrivance in which the fault of the ordinary clepsydra, in varying rate of j&ow as 
the column shortens, is avoided, was next made. With it the best results are 
attainable, and it seems to be practically perfect. 


Pig. 35. 



The Clepsydra. 


It consists of a, cylinder a, in. which a piston h moves watertight. At the top of 
the piston rod is a leaden five-pound weight c, from which the cord i goes to the 
sliding plateholder ff. The lower end of the cylinder terminates in a stopcock d, 
the haixdle of which carries a strong index rod c, moving on a divided arc. At f 
a tube with a stopcock is attached. Below, a vessel h receives the waste fluid. 

In using the clepsydra the stopcock of f is opened, and the piston being pulled 
upwards, the cylinder fills with water from h. The stopcock is then closed, and if 
d also is shiit, the weight will remain motionless. The string i is next connected 
with the slide, and the telescope turned on the moon. As soon as the elide is 
adjusted in angular position (page 36) the stopcock d is opened, until the weight c 
moves downwards, at a rate that matches the moon’s apparent motion. 

In order to facilitate the rating of the clepsydra, the index rod e is pressed by a 
spring h (2), against an excentric Z. As the excentric is turned round, the stopcock 
d is of course opened, with great precision and delicacy. The plug of this stop- 
cock (3) is not perforated by a round hole, but has a slit. This causes equal move- 
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ments in the xod e, to produce equal changes in the flow. The rating requires 
consequently only a few moments. 

The object of the side tube / is to avoid disturbing d when it becomes necessary 
to refill the cylinder, for when it is once opened to the right degree, it hardly 
requires to be touched again during a night’s work. In order to arrest the down- 
ward motion of the piston at any point, a clamp screws on the piston rod, and can 
be brought into contact with the cylinder head, as in the figure. 

That this instrument should operate in the best manner, it is essential to have 
the interior of the brass cylinder polished from end to end, and of uniform diameter. 
If any irregularity should be perceived in the rate of going, it can be cured com- 
pletely by taking out the piston, impregnating its leather stufling with fine rotten 
stone and oil, and then rubbing it up and down for five minutes in tlie cylinder, so 
as to restore the polish. The piston and cylinder must of course be wiped, and 
regreased with a mixture of beeswax and olive oil (equal parts) after such an 
operation. In replacing the piston, the cylinder must be first filled with water, to 
avoid the presence of air, which would act as a spring. 

Although it may be objected that this contrivance seems to be very troublesome 
to use, yet that is not the case in practice. Even if it were, it so far surpasses any 
prime mover that I have seen, where the utmost accuracy is needed, that it would 
be well worth employing. 

c. The Sv/n Oamera. 

In taking photographs of the sun with the full aperture of this telescope, no 
driving mechanism is necessary. On the contrary, the difliculty is rather to arrange 
the apparatus so that an exposure short enough maybe given to the sensitive plate, 
and solarization of the picture avoided. It is not desirable to reduce the aperture, 
for then the separating power is lessened. The time required to obtain a negatives 
is a very small fraction of a second, for the wavy appearance produced by atmos- 
pheric disturbance is not unfrcquently observed sharply defined in the photograph, 
though these aerial motions are so rapid that they can scarcely be counted. Some 
kind of shutter that can admit and cut off the solar image with great qxiickness is 
therefore necessary. 

In front of an ordinary camera «, Fig. 36, attached to the eyepiece holder of tlie 
telescope, and from which the lenses have been removed, a spring shutter is fixed. 

It consists of a quadrant of thin wood fastened by its right 
angle to one corner of the camera. Over the hole in this 
quadrant a plate of tin d can be adjusted, and held in position 
by a screw moving in a slot so as to reduce the hole if desired 
to a mere slit. It may vary from 1| inch to less than of 
an inch. The quadrant is drawn downwards by an India- 
rubber spring g, 1 inch wide, | of an inch thick, and 8 inches 
long. This spring is stretched when in action to about 12 
inches, and when released draws the slit past the aperture c in 
the camera. Two nicks in the edge of the quadrant serve with the assistance of a' 
pin e, which can easily be drawn out by a lever (not shown in the cut), to confine 


Fig. 36. 



The Spring Shutter. 
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the slit either opposite to or above c. A catch at / prevents the shutter recoiling. 
The sensitive plate is put inside the box as usual in a plate-holder. When a photo- 
graph is taken, the spring shutter is drawn up so that the lower nick in the edge 
of the quadrant is entered l)y the pin e, and the inside of the camera obscured. 
The front slide of the plateholder is then removed in the usual manner, and the 
solar image being brought into proper position by the aid of the telescope finder, 
the trigger retaining e is touched, the shutter flies past c, and the sensitive plate may 
then be removed to be developed. 

To avoid the very short exposure needed when a silvered mirror of 188 square 
inches of surface is used, I have taken many solar photographs with an unsilvered 
mirror, which' only reflects according to Bouguer 2| per ccmt. of the light falling 
iipon it, and should permit an exposure 37 times as long as the silvered mirror. 
This is the first time that a plain glass mirror has been used for such a purpose, 
although Sir John Herschel suggested it for observation many years ago. But 
eventually this application of the unsilvered mirror had to be abandoned. It has, 
it is true, the advantage of reducing the light and heat, but I found that the moment 
the glass was exposed to the Sun, it commenced to change in figure, and alter in 
focal length. This latter difficulty, which sometimes amounts to half an inch, 
renders it well nigh impossible to find the focal plane, and retain it while taking 
out the ground glass, and putting in the sensitive plate. If the glass were supported 
by a ring around the edge, and the back left more freely exposed to the air, the 
difficulty would be lessened but not avoided, for a glass mirror can be raised to 120° 
F. on a hot day by putting it in the sunshine, though only resting on a few points. 
Other means of reducing the light and heat, depending on the same principle, can 
however be used. By replacing the silvered diagonal mirror with a black glass or 
plain unsilvered surfxce, as suggested by Nasmyth, the trouble sensibly disappears. 

I have in this way secured not only macuhe imd their penumbrm, but also have 
obtained faculrn almost invisible to observation. On some occasions, too, the precipi- 
tate-like or minute flocculent appearance on the Sun’s disk was perceptible. 

It seems, however, that the best means of acquiring fine results with solar photo- 
graphy, would be to use the telescope as a Cassegranian, and produce an image so 
much enlarged, that the exposure would not have to be conducted with such rapidity. 
Magnifying the image by an eyepiece woxild in a general way have the same result, 
but in that case the photographic advantages of the reflector would be lost, and it 
would be no better than an achromatic. 

§ 4. THE OBSERVATORY. 

This section is divided into a, The Building ; h. The Borne ; and c. The Observer’s 
Chair. 

a. T7ie Building. 

The Observatory is on the top of a hill, 225 feet above low water mark, and is 
in Latitude 40° 59' 25" north, and Longitude 73° 52' 25" west from Greenwich, 
according to the determinations of the Coast Survey. It is near the village of 
Hastings-upon-TIudson, and is about 20 miles nortli of the city of New York. The 

6 July, 1864. 
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surrounding country on the banks of the North River is occupied by <!<>uiitry seats, 
on the slopes and summits of ridges of low hills, and no offensive inuimfuetorifs 


Pig. 37. 



Dr. Draper’s Observatory. 


the near passages of vehiderMd to” 

of the location are ve^ grft "lvuutng,.s 

foggy exhalations, there is nkaTskv ov 'vUh 

like a great stream, and losing toeuL the ««"'! ng down 

passes. ^ ^^^sm through which the Hiidson here 

The foundation and lower storv nf fho i.. ‘ij* 
granite, which appears at the edge of the hm excavated out of th<; solid 

keep the lower story cool, and avoid in tb,.’ was inteiKlod to 

changes of temperature. The eastern side of\h"^ f reflector, suddtin 

over the brow of the hfll, and is therefore fleelv 7^" however, projects 

desired, both access and thorough ventilation fb wIk’ii 

or superstructure is of wood, l£ed i“ socor;d’ story 

feet high, to the apex of the domr^TW^e^f “»-l 2^ 

space IS unnecessarily large for the foh,. 
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scope, which only requires a cylinder 13 feet in diameter and 13 feet high. A gene- 
ral idea of the internal arrangement is gained from Fig. 28. In Fig. 38, a a' is the 


Fig. 38. 



floor of the gallery, h // h" the circular aperture in which the telescope c e' turns. 
Tlie staircase is indicated by d. The Enlarger, § 6, rests on tlie shelf c, tlie helios- 
ta,t being outside at /. The door going into the photographic room is at g, h li' are 
tables, i the water tank, k the tap and sink, I the stove, m a heliostat shelf, qi the 
door, 0 the window. 

The building is kept ventilated by opening the door in the lower part, and the 
dome shutt(n, seen in Fig. 37, for some time before using the instrument. On a sum- 
nun' (lay the upper parts, and especially those close under the dome, become without 
this precaution very hot, and this occurred even before the tin roof was painted. 
Bright tinplate seems not to be able to reflect by any means all the heat that falls 
upon it, but will become so warm in July that rosin will melt on it, and insects which 
have lighted in a few moments dry up, and soon become pulverizable. A knowledge 
of these facts led to the abandonment of wooden sheathing under the tin, for without 
it when night comes on the accumulated heat radiates away rapidly, and ceases to 
cause aerial currents near the telescope. 

The interior of the building is painted and wainscoted, and the roof is orna- 
mented partly in blue and oak, and partly with panels of tulip-tree wood. 

There are only two windows, and they are near the southern angles of the roof. 
While they admit sunshine on some occasions, they can on others be closed, and 
the interior be reduced to darkness. In the southeast comer a small opening e 
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may allow a solar beam three inches in diameter to come in from a heliostat outside. 
The greatest facilities are thus presented for optical and photographical experiments, 
for in the latter case the whole room can be used as a camera obscura. 


b. TTw Dome. 


The roof of the observatory is 20 feet square. The angles are filled in solid, and 
a circular space 15 feet in diameter is left to be covered by the revolving dome. 
Although such a construction is architecturally weak and liable to lose its level, yet 
the great advantages of having the building below square, and the usefulness of 
the corners, determined its adoption, the disadvantages being overcome by a very 
light dome. 

The dome is 16 feet in outside diameter, and rises to a height of 5 feet aboye its 
base. It is, therefore, much flatter than usual, in fact, might have been absolutely 
flat, with this method of mounting. It would then have been liable, however, to 
be crushed in by the deep winter snows. 


It consists of 32 ribs, arcs of a circle, uniting at a common centre above. Eacli 
one is formed of two pieces of thin whitewood, h, Fig. 39, fastened side by side, 
with the best arrangements of the grain for strength. They are three inches wide 
and one inch thick at the lower end, and taper gradually to 2| by 1. 

Over these ribs tinplate is laid in triangular strips or gores, about 18 inches wide 
at the base, and 10 feet long. Where the adjacent triangles of tin a a' meet, they 

are not soldered, but are bent together. This allows a certain 
amount of contraction and expansion, and is water-proof It 
strengthens the roof so much, that if the ribs below were taken 
away, this corrugated though thin dome would probably 
sustain itself. The tin is fastened to the dome ribs & by 
extra pieces c inserted in the joint and doubled with the 
other parts, while below they are nailed to the ribs. In the 
figure the tin is represented very much thicker than it is in 
reality. 



Joints in Tin of Dome. This dome, although it has 250 square feet of surface, only 

weighs 250 pounds. That at the Cambridge (Massachusetts) 
Observatory, 29^ feet in diameter, weighs 28,000 pounds. 


The slit or opening is much shorter than usual, only extending half way from 
the base towards the summit. It is in reality an inclined window, 21 feet wide at 
the bottom, 1| wide at the top, and 4 feet long. It is closed by a single shutter, 
as seen in Fig. 37, and this when opened is sustained in position by an iron rod 
famished with a hinge at one end and a hook at the other. 


The principal peculiarity of the dome, the means by which it is rotated, remains 
to be described. Usually in such structures rollers or cannon balls are placed at 
intervals under the edge, and by means of rack work, a motion of revolution is 
slowly accomplished. Here, on the contrary, the whole dome h V h" (Fior. 40) is 
supported on an arch A h' carrying an axis a at its centre, around which'^a shVht 
direct force, a pull with a single finger, will cause movement, and by a sudden pSsh 
even a quarter of an entire revolution may be accomplished. It is desirable how- 
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evex, to let it rest on the edge 5 6", when not in use. At e there is an iron catch 
on the arch, by which the lever c, that raises the dome, is held down. The fulcrum 

Fig. 40. 



is at d. The lever is hinged near c, so that wlicn by being depressed it should have 
come in the way of the telescope below, the lower half <j can be pushed up, the 
part from c toward d still holding the dome supported. 

The arch can be set across the observatory in any direction, north and south, east 
and west, or at any intermediate position, because the abutments where the ends 
rest, are formcjd by a ring I V fastened round the circular aperture, through the 
stationary part of tlie roof. 

When tlie tidescope is not in use;, and the dome is hd down, so that there is no 
longer an interval of a quart(!r of an inch between it and the rest of the roof, it 
is confiiuxl inside by four clamps and wedges. ()th(;rwise, owing to its lightness, it 
wmdd be liable to be blown away. Thtisti (damps 
Fig. 41, are three sides of a scpiarci, made of iron oiKi 
inch s([uar(\ Tlicvy catch above by a point in the 
woodc'ii basis-circle of tlie dome and Ixdow are 
tigh timed liy the wedge c. 

When the dome is raised it is prin'onted from moving 
laterally and sliding off by three rolUn's, one of wliich 
is seen at Fig. 40. These catch against its inner edge, 
and only allow slight ^ilay. At first it was thought nev 
cessary to ha\'e a subsidiary lialf ar(;h at right ujiigles to 
the other to hold it up, but that is now removed. ^ Clamp. 

All the parts work very satisfactorily, and owing to 
the care taken to get the roof-circle and basis-circle fiat and level, no leakage takes 
place at the joint, and even snow driven by high winds is unable to enter. 

c. The Observer’s Chair. 

This is not a chair in the comm(3n acceptation of the word, but is rather a movable 
platform three feet square, capable of carrying two or more persons round the 
observatory, and maintaining them in an invariable position with regard to the tele* 
scope eyepiece. 


Fig. 41. 
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Its general arrangement is better comprehended from the sketch. Fig. 42, than 
from a labored description. Below, it runs on a pair of wheels a (one only is 


Fig. 42. 



The Observer’s Chair. 


visible) 9 inches in diameter, whose axles point to the centre of the circle upon 
which they run. They are prevented from shifting outwards by a wooden railroad 
&, y ^ and inwards by the paling Z'. Above, the chair moves on a pair of small 
rollers c, which press against a circular strip or track tZ, d\ nailed around the lower 
edge of the dome opening. Access to the platform is gained by the steps e, e' . 
Attached to the railing of this platform, and near it on the telescope, are two 
tables (not shown in the figure) for eyepieces, the sliding plateholder, &c. 

§ 5. THE PHOTOGRAPHIC LABORATORY. 

This section is divided into .a. Description of the Apartment ; and Z>, Photographic 
Processes. 

a. Description of the Apartment. 

The room in which the photographical operations are carried on, adjoins and 
connects with the observatory on the southeast, as is shown in Figs. 28 and 38. 
It is 9 by 10 feet inside, and is supplied with shelves and tables running nearly all the 
way round, which have upon them the principal chemical reagents. It is furnished, 
too, with an opening to admit, from a heliostat outside, a solar beam of any size, up 
to three inches in diameter. 

The supply of water is derived from rain falling on the roof of the building, and 
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niiining into a tank i. Fig. 38, which will contain a ton weight. The roof exposes 
a surface of 532 square feet, and consequently a fall of rain equal to one inch in 
depth, completely fills the tank. During the course of the year the fall at this place 
is about 32 inches, so that there is always an abundance. In order to keep the 
water free from contamination, the roof is painted with a ground mineral compound, 
which hardens to a stony consistence, and resists atmospheric influences well. The 
tank is lined with lead, but having been in use for many years for other purposes, is 
thoroughly coated inside with various salts of lead, sulphates, &c. In addition the 
prccaiution is taken of emptying the tank by a large stopcock when a rainstorm is 
approaching, so that any accumulation of organic matter, which can reduce nitrate 
of silver, may bo avoided. It has not been found feasible to use the well or spring 
water of the vicinity. 

The tank is placed close under the eaves of the building, so as to gain as much 
head of water as is desirable. From near its bottom a pipe terminating in a stop- 
cock /.% Fig. 38, passes into the laiboratory. In the northeast corner of the room, 
and under the tap is a sink for refuse water and solutions, and over which the 
negatives are developed. It is on an average about twelve feet distant from the 
toles(;ope. In another corner of the room is a stove, resembling in construction an 
open fireplace, but sufficient nevertheless to raise the temperature to 80° F. or higher, 
if necessary. As a provision against heat in summer, the walls and roof are double, 
and a free space with numerous openings above is left for circulation of air, drawn 
from the foundations. The roof is of tinplate, fastened directly to the rafters, with- 
out sheatiling, in order that hcait may not accumulate to such an extent during the 
day as to constitute a source of disturbance when looking across it at night. 

For containing negatives, which from being unvarnished require particular care, 
there is at one side of the room a case with twenty shallow drawers each to hold 
eighteen. They accumulate very rapidly, and were it not for frequent reselections 
the case would soon be filled. On some nights as many as seventeen negatives have 
been taken, most of which were worthy of iireservation. Not less than 1500 were 
made in 1862 and ’63. 

b. JRJiotogrcipTtic Processes. 

In photographic manipulations I have had the advantage of my father’s long 
continued experience. He worked for many years with bromide and chloride of 
silver in his photo-chcmical researches (Journal of the Franklin Institute, 1837), 
and when Daguerre’s beautiful process was published, was the first to apply it to 
tlic taking of portraits (Phil. Mag., June, 1840) in 1839 ; the most important of all 
the applications of the art. Subsequently he made photographs of the interference 
spectrum, and ascertained the existence of great groups of lines M, N’, O, P, above 
IT, and totally invisible to the naked eye (Phil. Mag., May, 1843). The importance 
of these results, and of the study of the structure of flames containing various 
elementary bodies, that he made at the same time, are only now exciting the 
interest they deserve. 

In 1850, when his work on Physiology was in preparation, and the numerous 
illustrations had to be produced, I learnt microscopic photography, and soon after 
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prepared tlie materials for the collodion process, then recently invented by Scott 
Archer. We produced in 1856 many photographs under a power of TOO diameters, 
by the means described in the next section. 

At first the usual processes for portrait photography were applied to taking the 
Moon. But it was soon found necessary to abandon these and adopt others. When 
a collodion negative has to be enlarged — and this is always the case in lunar photo- 
graphy, where the original picture is taken at the focus of an object glass or mirror 
— imperfections invisible to the nalced eye assume an importance which causes the 
rejection of many otherwise excellent pictures. Some of these imperfections are 
pinholes, coarseness of granulation in the reduced silver, liability to stains and mark- 
ings, spots produced by dust. 

These were all avoided by washing off the free nitrate of silver from the sensitive 
plate, before exposing it to the light, and again submitting it to the action of water, 
and dipping it back into the nitrate of silver bath before developing. Tlie quantity 
of nitrate of silver necessary to development when pyrogallic acid is used, is how- 
ever better procured by mixing a small quantity of a standard solution of that salt 
with the acid. 

The operation of taking a lunar negative is as follows. The glass plates 2^ x 3^ 
inches are kept in nitric acid and water until wanted. They are then washed under 
a tap, being well rubbed with the fingers, which have of course been properly cleaned. 
They are wiped with a towel kept for the purpose. Next a few drops of iodized 
collodion are poured on each side, and spread with a piece of cotton flannel. They 
are then polished with a large jilece of this flannel, mid deposited in a close dry 
plate box. This system of cleaning with collodion was suggested by Major Russel, 
to whose skilful experiments photography is indebted for the tannin procevss. It 
certainly is most effective, the drying pyroxyline removing every injurious impurity. 
There is never any trouble from dirty plates. 

The stock of plates for the night’s work, a dozen or so, being thus prepared, one 
of them is taken, and by movement through the air is freed from fibres of cotton. 
It is then coated with filtered collodion being held near the damp sink. The c;oated 
plate, when sufficiently dry, is immersed in a 40 grain nitrate of silver bath, acidified 
with nitric acid until it reddens litmus paper. The exact amount of acid in tlie bath 
makes in this “Washed Plate Process” but little difference. When the iodide and 
bromide of silver arc thoroughly formed the plate is removed, drained for a moment, 
and then held under the tap till all greasiness, as it is called, disappears. Both front 
and back receive the current in turn. 

It is then exposed, being carried on a little wooden stand. Fig. 43, covered with 
filtering paper to the telescope, and deposited on the sliding plateholder which has 
been set to the direction and rate of the moon, while the plate was in the bath. 
The time of exposure is ascertained by counting the beats of a half-second pen- 
<lulum. 

The method by which exposure without causing tremor is accomplished, is as 
follows: A yellow glass slides through the eyepiece-holder. Fig. 33, just in front 
of the sensitive plate, and is put in before the plate. The yellow-colored moon is 
centred on the collodion film, and the clepsydra and slide are set in motion, the 
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Fig. 43. 



Plate Carrier. 


Fig. 44. 



mass of the telescope being at rest. A. pasteboard screen is put in front of the 
telescope, and the yellow glass taken out. After 20 seconds th<i instrument re- 
maining still untouched and motionless, the screen is withdrawn, and 
as many seconds allowed to elapse as desirable. The screen is then 
replaced and the plate taken back to the photographic room. 

After being again put under the tap to remove any dust or impurity, it 
is dipped into the nitrate bath for a few seconds. Two drachms of a solu- 
tion of protosulphate of iron 20 grains, acetic acid 1 drachm, and water 
1 ounce, is poured on it. As soon as the image is fairly visible this is 
washed off, and the development continued if necejssary with a weak 
solution of ])yrogallic acid and citro-nitrat(i of silv(n* — pyrogallic and 
citric ac'ids eacli ’ grain, nitrate of silver grain, water 1 drachm. In order to 
measure these small quantitic'S standard solutions of the substances are made, so 
that two drops of each contain tlu^ desired ti, mount, 'riu'y are Icex^t in 
bottles, through the corks of winch i)ip(d.tes desc(aul to just below the 
level of the lupiid. This avoids all matessity of filtcning, and yet no 
blemislu^s are X)roduced by xjarticles of floating matter. 

During tin; earlier [)art of the develo^jment, wlnai thi^ protosulphate 
of iron is on the film, an accnirate judgirumt can be formcal as to the pro- 
j)er length of time for the exi)osure in the telescoj)ti. If the image 
appeiirs in 10 scjconds, it will acapiire an appropriate dcnisity for enlarge- 
ment in 45 seconds, and will have the minimum of what is called pipettelsottie. 
fogging and the smallest granulations. If it takers longer to make its 
first ai)i)carance the exposui’e must be lengthened, and vice v('rsa. 

The latter {>art of the development, when i*e-d(^V(dox)ment is xmictised, is purposely 
made slow, so that the gradation of toncfs may Ixj varit'd by changing the propor- 
tion of the ingredients. As it would l)(^ tiresome and un- 
cleanly to hold th(^ [dates in the hand, a sirnph^ stand is us(‘d 
to kee[) them lev(d. It consists of a piecci of thin wood u,. 

Fig. 45, with a.u ordinary wood sciuw, as at />, going through 
eaxth corner. Four wooden pegs, as at c, furnish a support 
for the plate; <:L By the aid of this contrivanc;e and the 
washing system, I seldom get my fingers marked, and what is much more important, 
rarely stain a picture. 

When the degree of intensity most suitable for subsequent enlargement is reached, 
that is, when the picture is like an ovtndom; [)ositive, the plate is .again flooded with 
water, treated with cyanide of [)otassium (u hyposulphite of soda, once more 
washed and set upon an angle on filtt;ring paper to dry. It is next morning labelled, 
and put away unvarnished in the case. 

To the remark that this process implies a great deal of extra trouble, it can only 
lie replied that more negatives can be taken on each night than can be kept, and that, 
even were it not so, one good picture is worth more than any number of bad ones. 

Although the above is the method at present adopted, and by which excellent 
results have been obtained, it may at any moment give place to some other, and is 
indeed being continually modified. The defects it presents are two — first, the time 

7 JiUy, 1864. 
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Developing Stand. 
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of exposure is too long, and second, there is a certain amount of lateral diffusion 
in the thickness of the film, and in consequence a degree of sharpness infc'vior to 
that of the image produced by the parabolic mirror. The shortest time in whitrli 
the moon has been taken in this observatory has been one-third of a second, on tht? 
twenty-first day, but on that occasion the sky was singularly clear, and the intrinsic 
splendor of the light great. The full moon under the same circumstantit's would 
have required a much shorter exposure, A. person, however, who has put his <'yo 
at the focus of such a silvered mirror will not be surprised at the shortness of the' 
time needed for impressing the bromo-iodide film ; the brilliancy is so groat that it 
^®l®u, and for a long time the exposed eye fails to distinguish any modt^r— 
ately dluminated object. The light from 188 square inches of an almost total 
reflecting surface is condensed upon 2 square inches of sensitive plate. 

Occasionally a condition of the sky, the reverse of that mentioned above, occurs. 
The moon assumes a pale yellow color, and will continue to be of that non-actinic 
tint for a month or six weeks. This phenomenon is not confined to special localities, 
but may extend over ^eat tracts of country. In August, 1862, when our regiment 
was encamped in Virginia, at Harper’s Ferry, the atmosphere was in this condition 
there, and was also similarly affected at the observatory, more than 200 mil<*H dis- 
tant. As to the cause, it was not forest or prairie fires, for none of tliem of suffi- 
cmnt magnitude and duration occurred, but was probably dust in a state of minute 
division. No continued rain fell for several weeks, and the clay of the Virginia romls 
was turned into a fine powder for a depth of many inches. The Ui>per Potonuu- 
river was so low that it could be crossed dry-shod. On a subsequent occasion wlum 
the same state of things occurred again, I exposed a series of platens (whos<‘ s<‘nKi- 
tiveness was not less than usual, as was proved by a standard artifi(nal flame) to th<‘ 
image of the foU moon m the 15| mch reflector for 20 seconds, and yet obtaineil 
only a modemtdy intense picture. This was 40 times as long aa comm,,,,. 

is photographic pictures of celestial objects the influence of the utniospher,. 

is seen, being sometimes greater and sometimes less. To obtain the iJ. 

sions, just as steady a night is necessary as for critical observations. If 'the 

pliTis“rft lit T' “ '^hle us the 

there no atmospheric If™ '7':" 

but whUe developing are so changed by wettint™ dunug exposure, 

no advantage has resulted. It wL while tryinS them thr/??““f “'f 
control that hot water exercises over the ranidi^ i ^ ^ ciscertameci the great 

sure, owing partly no doubt to iucrel 

also partly to the fact that chemical decomuositio ^ collodion film, hut 

temperatures. I have attempted in vain to'develon I ^rapidly at higlu'r 

solutions used were at 32° F., and this thoue-h it h a ^ tannin plate when it and the 
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Protochloiide of palladium, wMcli I introduced in 1859, is frequently employed 
when it is desired to increase the intensity of a negative without altering its thick- 
ness. This substance will augment the opacity 16 times, without any tendency to 
injure the imago or produce markings. It is only at present kept out of general 
use hy the scarcity of the metal. 


§ 6. THE PHOTOORAPHIO ENLARGER,. 

Two distinct arrangements arc used for enlarging, a, for Low Powers varying 
from 1 to 25 ; and ?>, for High Powers from 50 to 700 diameters, 

a. Lain Powers. 

The essential feature in this contrivance is an entire novelty in photographic 
enlargement, and it is so superior to solar cameras, as they are called, that they are 
never used in the observatory now. It cjonsists in employing instead of an achro- 
matic combination of lenses, a mirror of appropriate curvature to magnify the 
original negatives or objects. Tlie advantages are easily enumerated, perfect coinci- 
dence of visual and chemical foci, flat field, absolute sharpness of definition. If the 
negative is a fine one, the enlarged x>roofs will be as good as possible. 



The mirror is of 9 inches aperture, and 11| inches focal length. It was polished 
on my machine to an elliptical figure of 8 feet distance between the conjugate foci, 
and was intended to magnify 7 times. At first the whole mirror was allowed to 
officiate, the object being illuminated by diffused daylight. But it was soon ap- 
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parent, that although a minute object placed in one focus was perfectly reproduced 
at the other, seven times as large, yet a large one was not equally well defined in 
all its parts. 

I determined then to produce the enlarged image by passing a solar-beam inch 
in diameter through the original lunar negative — placed in the focus nearest to the 
mirror — and allowing it to fall on a portion of the concave mirror, 1| inch in 
diameter, at one side of the vertex. Being reflected, it returns past the negative, 
and goes to form the magnified image at the other focus of the ellipse. 

In Fig. 46, a is the heliostat on a stone shelf outside; b a silvered glass mirror, 
to direct the parallel rays through c, the negative ; d is the elliptical mirror ; e an 
aperture to be partly closed by diaphragms ; / a rackwork movement carried by the 
tripod g ; the curtain 7i h' shuts out stray light from the interior of the observatory. 
The aperture i is also diaphragmed, but is shown open to indicate the position of 
the heliostat, the shelf of which joins the outside of the building at 1. The dotted 
line points out the course of the light, which coming from the sun falls on the 
heliostat mirror a, then on &, through c to and thence returning through e to the 
sensitive plate in the plate holder 

The distance of this last can be made to vary, being either two feet or twenty- 
eight feet from d. In the latter case a magnifying power of about 25 results, the 
moon being made three feet in diameter. The sensitive plate is carried by a frame, 
which screws to the side wall of the building, and can be easily changed in position. 
The focussing is accomplished by the rack /. Where so small a part (1| inch) of 
the surface of the mirror is used, a rigid adherence then to the true foci of this 
ellipse is not demanded, the mirror seeming to perform equally well whether magni- 
fying 7 or 25 times. Theoretically it would seem to be limited to the former 
power. 

If instead of placing a lunar photograph, which in the nature of the case is never 
absolutely sharp, at c, some natural object, as for instance a section of bone, is attached 
to the frame moved by f\ then under a power of 25 times it is as well defined as in 
any microscope, while at the same time the amount of its surface seen at once is 
much larger than in such instruments, and the field is flat. If the intention were, 
however, to make microscopic photographs, a mirror of much shorter focal length 
would be desirable, one approaching more to those of Amici’s microscopes. 

By the aid of a concave mirror used thus obliquely, or excentrically, all the diffi- 
culties in the way of enlarging disap]pear, and pictures of the greatest size can be 
produced in perfection. I should long ago have made lunar photographs of more 
than 3 feet in diameter, except for the difficulties of manipulating such large sur- 
faces. 

In order to secure a constant beam of sunlight a heliostat is placed outside the 
observatory, at its southeast corner /, Fig. 38. This beam, which can be sent for 
an entire day in the direction of the earth’s axis, is intercepted as shown at 5, Fig. 
46, and thus if needed an exposure of many hours could be given. The interior of 
the observatory and photographic room being only illuminated by faint yellow rays, 
no camera box is required to cut off stray light. The eye is by these means kept 
in a most sensitive condition, and the focussing can be effected with the critical 
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accuracy that the optical arrangement allows, no correction for chromatic aberra- 
tion being demanded. 

I have made all the parts of this apparatus so that they can be easily separated 
or changed. The flat mirrors are of silvered glass, and are used with the silvered 
side toward the light, to avoid the double image produced when reflection from both 
sides of a parallel plate of glass is permitted. The large concave mirror happens 
to be of speculum metal, but it can be repolished if necessary by means of a four 
inch polisher, passed in succession over every chord of the face. A yellow film of 
tarnish easily accumulates on metal specula if they are not carefully kept, and de- 
(treascs their photographic power seriously. 

Of the making of Reverses. - In addition to the use of the Enlarger for magnify- 
ing, it is found to have important advantages in copying by contact. The picture 
of the image of the moon produced in the telescope is negative, that is, the lights 
and shades arc reversed. In enlarging such a negative reversal again takes place, 
and a positive results. This positive cannot, liowover, lie used to make prints on 
paper, because in that operation reversing of light and shade once more occurs. It 
is necessary tlien at some stage to introduce still another reversal. This may be 
accomplislied either by printing from the original negative a positive, which may be 
enlarged, or else printing from the enlarged positive a negative to make the paper 
proofs from. In eitlier case a collodion film, properly sensitized, is placed behind 
tlie positive or negative, and the two exposed to light. 

If diffused light or lamplight is used, the two plates must be as closely in contaci 
as possil)lc, or the sharpness of the resulting proof is greatly less than the original. 
Tliis is because the light finds its way through in many various directions. If the 
two platens, however, are placed in the cone of sunlight coming from the Enlarger, 
and at a distance of fifteen or twenty feet from it, the light passes in straight lines 
and only in one direction through the front picture to the sensitive plate behind. 
I have not l)oen able to see under these circumstances any perceptible diminution 
in sharpness, though the plates had been of an inch apart. It is perfectly feasible 
to use wet collodion instead of dry plates, no risk of scratching by contact is incurred, 
and the whole operation is easily and quickly performed. The time of exposure, 5 
seconds, is of convenient length, but may be increased by putting a less reflecting 
surface or an imsilvered glass mirror in the heliostat. A diaphragm with an aper- 
ture of half an inch if placed at e. Fig. 46, to shut out needless light, and avoid 
injuring the sharpness of the reverse by diffusion through the room. In enlarging 
otiicr diaphragms are also for the same reason put in the place of this one. For a 
half moon for instance, a yellow paper with a half circular aperture, whose size may 
be found by trial in a few minutes, is pinned against e. 

The enlarged pictures obtained by this apparatus are much better than can be 
obtained by any other method known at present. The effect, for instance, of a 
portrait, made life-size, is very striking. Some astronomers have supposed that 
advantages would arise from taking original lunar negatives of larger size in the 
telescope, that is, from enlarging the image two or three times by a suitable eye- 
piece or concave achromatic, before it reached the sensitive plate. But apart from 
the fact that a reflector would then have all the disadvantages of an achromatic. 
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the atmospheric difficulties, which in reality constitute the great obstacle to success, 
would not be diminished by such means. The apparent advantage, that of not 
magnifying defects in the collodion, is not of much moment, for when development 
of the photographs is properly conducted, and thorough cleanliness practised, 
imperfections are not produced, and the size of the silver granules is not objection- 
able. 

b. High Powers. 

Although negatives of astronomical objects have not as yet been made whicli 
could stand the high powers of the arrangement about to be described, yet they 
bear the lower powers well, and give promise of improvement in the future. 

Photography of microscopic objects as usually described, consists in passing a 
beam of light through the transparent object into the compound body of the micro- 
scope, and receiving it on its exit from the eyepiece upon a ground glass or sensi- 
tive plate. The difficulty which besets the instrument generally, and interferes 
with the production of fine results, arises from the uncertainty of ascertaining the 
focus or place for the sensitive plate. For if the collodion film be put where the 
image on ground glass seems best defined, the resulting photograph will not be 
sharp, because the actinic rays do not form their image there, but either farther 
from or nearer to the lenses, depending on the amount of the chromatic correction 
given by the optician. Practically by repeated trials and variation of the place of 
the sensitive compound, an approximation to the focus of the rays of maximum 
photographic intensity is reached. 


Fig. 47. 



Microscope for Photography. 


During my father’s experiments on light, and more particularly when engaged 
in the invention of portrait photography, he found that the ammonio-sulphate of 
copper, a deep blue liquid, will separate the more refrangible rays of light, the rays 
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concerned in photography, from the rest. If a beam of sunlight he passed through 
such a solution, inclosed between parallel plates of glass, and then condensed upon 
an object on the stage of a microscope, a blue colored image will he formed on the 
ground glass, above the eyepiece. If the place of best definition be carefully ascer- 
tained, and a sensitive plate put in the stead of the ground glass, a sharp photograph 
will always result. 

Besides, there is no danger of burning up the object, as there would be if the 
unabsorhed sunlight were condensed on it, and hence a much- larger beam of light 
and much higher powers can be used. The best results axe attained when an image 
of the sun produced by a short focussed lens is made to fall upon and coincide with 
the transparent object. In 1856 we obtained photographs ot frog’s blood disks, 
navicula angulata, and several other similar objects under a power of 700 diameters, 
excellently defined. Since then sevt;ral hundreds of microscopic pictures have been 
taken. 

In the figure, a is tlie heliostat, h a lens of three inches aperture, c the glass cell 
for the ammonio-sulphate of copper, d the objc^ct on the stage of the microscope e, 
/ the camera for the ground glass or sensitive plate. Above the figure the course 
of tlie rays is shown by dotted lines. 


In concluding this account of a Silvered Glass Telescope I may answer an inquiry 
which doubtlciss will be made by many of my readers, whether this kind of reflector 
can ever rival in size and efRci'ency such great metallic specula as those of Sir 
William llorschel, the Earl of Kosse, and Mr. liasselll My experience in the 
matt(iT, strengthtnicd by the recent successful attempt of M. Foucault to figure such 
a surfacf^ more tliaii thirty inches in diameter, assures me that not only can the four 
and six fecit teltiscopiis of those astronomers he ecpialled, but even excelled. It is 
merely an siffair of expense {iiid patience. I hope that the minute details I have 
given in tliis yiupcir may lead some one to make the effort. 

HaSTINOB, WKHTnUSS'l'ER (k)XJNTY, 

NkwYoric, 1863. 

Postficrlpt. Since writing the above I have completed a photograph of the moon 

60 incluis in diameter. The original negative from which it has been made, bears 
this magnifying well, and the picture has a very imposing effect. 
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ON THE MODERN REFLECTING TELE- 
SCOPE, AND THE MAKING AND TEST- 
ING OF OPTICAL MIRRORS. 


By G. W. Ritohet. 


INTBODUOTION. 

The present paper descnbes the methods employed by the writer in the optical 
laboratory of the Yerkes Observatory in making and testing spherical, plane, para- 
boloidal, and (convex) byperboloidal mirrors. On account of the very great import- 
ance of supporting mirrors properly in their cells when in use in the telescope, a 
chapter is devoted to the description of an efficient support system for large mirrors. 
Intimately related to this, and equally important, is the subject of the mounting — the 
mechanical parts — of a modern reflecting telescope j accordingly, the final chapter 
is devoted to a consideration of this subject. 


CHAPTER I 

DISKS OF GLASS FOR OPTICAL MIRRORS. 

No greater mistake could be made than to assume that cheap and poorly 
annealed disks of glass, or those with large striae or pouring marks, are good enough 
for mirrors of reflecting telescopes. While I am not prepared to say that optical 
glass of the finest quality must be used for mirrors in order to secure the best 
attainable results, it is evident that a very high degree of homogeneity and freedom 
from strain is necessary in order that the figure of mirrors shall not be injuriously 
affected by changes of temperature. If it were not necessary to consider the ques- 
tion of cost, I should advise the use of the finest optical (crown) glass always, in 
order to be as free as possible from risk ; usually considerations of cost would, in 
the case of large mirrors, make it necessary to choose between such an optical disk 
of a given size and a somewhat larger one of the kind furnished by the St. Gobain 
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Company, for example. The diagonal plane mirror of a Newtonian, and the convex 
mirror of a Cassegrain reflector, should always be made of the best optical glass, 
since the expense for these is comparatively slight. 

The writer has used many disks made at the celebrated glass-works of St. 
Gbbain, near Paris, of sizes from 8 inches in diameter and 1-^ inches thick, to 
the great one shown in the plates accompanying this article, which is 5 feet in 
diameter and 8 inches thick, and which weighs a ton. All of these disks are 
beautifully free from hubbies and large striae, and are fairly well annealed, con- 
sidering their great thickness. It is a most encouraging fact that the quality of 
the 6-foot disk is not inferior in any respect to that of disks of 8, 12, 20, 24, and 
30 inches diameter which I have used. The makers of the 5-foot disk have re- 
cently expressed their readiness to undertake for us a 10-foot disk, one foot thick, 
which they think could now be made as perfect in all respects as the 5-foot disk. 
In ordering these disks it is always specified that great care be given to thorough 
stirring and thorough annealing. I have no doubt that in the case of very large 
and thick disks the makers could be prevailed upon to give even gi*eater care to 
these points than is now given. 

A very important point is in regard to the best thickness of optical mirrors. 
As a result of experience in making and using many mirrors of 24 and 30 inches 
diameter, in which the thickness of the several disks varies from one-twelfth to 
pne-sixth of the diameter, I have no doubt that the thicker disks are always prefer- 
able, provided that they are as homogeneous and well-annealed as the thinner ones. 
The thinner rnirrors sujSer much greater temporary change of curvature from the 
very slight heat generated during the process of polishing; and they are undoubt- 
edly more liable to suffer temporary disturbance of figure from changes of tem- 
perature; when in use in the telescope. In the cases of the large paraboloidal mirror 
of a reflecting telescope, and the large plane mirror of a coelostat or heliostat, whicli 
should always be supported at the back to prevent flexure, the thickness should not 
be less than one-eighth or one-seventh of the diameter; in the writer’s opinion the 
latter ratio leaves nothing to be desired. In the cases of the small diagonal plane 
mirror and the small convex mirror, which cannot easily be supported at the back, 
the thickness should be not less than one-sixth of the diameter. 

All mirrors should be polished (not figured) and silvered on the back as well 
as on the face, in order that both sides shall be similarly affected by temperature 
changes when in use in the telescope ; for the same reason the method of supporting 
the large , mirror at the back, in its cell, should be such that the back is as fully 
exposed to the air as possible. 

CHAPTER 11. 

THE OPTICAL LABORATORY OF THE YERKES OBSERVATORY. 

A LARGE, well-lighted room, YO feet long by 20 feet wide, in the north 
basement of the Observatory, was designed for the optical laboratory. The floor. 
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whicli is nearly on a level with the ground outside, is of cement and is heavily 
painted. The walls are of brick, are about two feet thick, and are covered with 
two layers of heavy ceiling paper arranged so as to give two tight one-inch air- 
spaces for constant-temperature purposes. All joints of the paper are lapped and 
are nailed down with strips of wood. The ceiling of the room is heavily varnished. 

The large room is divided into three rooms connected by large doors ; these 
doors are so arranged that the entire length of the large room and of a wide hall 
opening from it, making an apartment 165 feet long, can be utilized for testing. 
The east and middle rooms of the three are used for grinding and polishing. The 
large windows of these rooms are fitted with storm sash on the inside ; these are built 
in permanently and are made air-tight by means of ceiling paper. The west room 
contains the motor which supplies power to the grinding and polishing machines in 
the inner rooms ; power is transmitted by a long shaft which runs the entire length 
of the rooms ; this shaft is built in air-tight (to prevent dust) beneath the long 
work-bench which runs along one side of the rooms. 

With these arrangements tempei*ature, moisture, and freedom from dust can be 
controlled in the grinding and polishing rooms with all necessary refinement. In other 
respects, however, three great improvements could be made in planning an ideal op- 
tical shop ; two of these relate to the comfort and health of the optician. First, the 
rooms should be arranged so that direct sunlight could be admitted to them during 
all parts of the optical work in which this would not be injurious to the work itself. 
Second, provision should be made for supplying to the rooms an abundance of 
fresh air, of a definite temperature, and washed free from dust. Third, *for constant- 
temperature purposes, walls and partitions covered with a heavy layer of asbestos 
plaster (commercially termed Asbestic) would be preferable, on account of the 
superiority of the insulating and fire-proofing qualities of this material, to those of 
ceiling paper with air-spaces. 


OHAPTEK III 

GRINDING AND POLISHING MACHINES. 

The grinding and polishing machines used by the writer are somewhat similar 
in principle to Dr. Draper’s machine, shown in Fig. 25 of his book, but are more 
elaborate. I shall describe here the machine used in making the 6-foot mirror, 
both because it embodies most of the essential features of a grinding and polishing 
machine, and also because it is the only one of my machines of which I have a 
series of photographs for illustration. A good idea of this machine may be gained 
from the views of it shown in Plates ii, in, iv, and vi. 

The massive turntable upon which the glass rests consists of a vertical shaft 
or axis five inches in diameter, carrying at its upper end a very heavy triangular 
casting, upon which, in turn, is supported the circular plate upon which the glass 
lies. This plate is of cast-iron, weighs 1,800 pounds, is 61 inches in diameter. 
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is heavily ribbed on its lower surface, and is connected to its supporting triangle 
by means of three large leveling screws. The surface of the large plate was 
turned and then ground approximately flat; two thicknesses of Brussels carpet are 
laid upon' this, and the glass, witb its lower surface previously ground flat, rests 
upon the innumerable springs formed by the looped threads of the carpet. No 
better support for a glaSs during grinding and polishing could be desired. 

Three adjustable iron arcs at the edge of the glass serve for centering the 
latter upon the turntable, and prevent it from slipping laterally. 

The entire turntable, with the heavy frame of wood and metal which supports 
it, can bd turned through 90° about a horizontal axis, thus enabling the optician 
to turn the glass quickly from the horizontal position which it occupies during 
grinding and polishing, to a vertical position for testing. This is shown in Blate ii. 

, The turntable is slowly rotated on its vertical axis by means of the large pul- 
ley below (Plate in). This rotation is eflEected by means of belting from the main 
vertical crank-shaft on the east end of the machine ; this shaft is well shown at the 
left in Plate rv. At the upper end of this shaft is the large crank, with adjustable 
throw or 'Stroke, which moves the large and strong main arm to which the grinding 
and polishing tools are Connected, and by means of which they are moved about upon 
the glass. This I shall always refer to as the main arm. It is a square tube of 
oak wood, and is strong enough to carry the counterpoising lever shown in Plate iv, 
and the weight of any of the grinding tools, when fully or partially counterpoised. 
This main arm also carries the system of pulleys and belts by which the slow rota- 
-tion of the grinding and polishing tools is rigorously controlled ; these, and the 
manner in which this rotation is effected, are well shown in Plate iv. 

The west end of the main arm consists of a strong steel shaft which slides in 
a massive bronze swivel-bearing which corresponds to the “elliptical hole in the 
oak block y? ” of Dr. Draper’s machine (see his Fig. 25). But this bearing is not 
stationary as in Draper’s machine ; it is not only mounted on a long slide (which I 
shall refer to throughout this article as the transverse slide), so that it can be 
slowly moved for several feet across the west end of the machine by means of a 
long screw, but this bearing and slide are carried upon a secondary strong arm, 
which is moved by a secondary crank at the southwest corner of the machine. 
Unfortunately there is no photograph which shows this part of the machine as it 
appears when in use ; Plates n and ni show the secondary crank well, but the secon- 
dary arm is shown swung around with one end resting on a bracket on the wall, in 
order to have it out of the way. - 

The arrangement of the west end of the machine is the result of experience 
with several machines, and is found extremely serviceable and convenient. The 
long transverse slide on the secondary arm allows the grinding and polishing tools 
to be placed so as to act on any desired zone of the glass, from the center to the 
edge; and this setting can be changed as desired while the machine is running. 
•The secondary crank, which turns at the same speed as the large one which drives 
the main arm, enables the optician to change as desired the width of the (approxi- 
mately) elliptical stroke or path of the tool with reference to the length of this 




FIVE-FOOT MIRROR AND GRINDING MACHINE. 

SHOWING LEVER FOR HANDLING HEAVY GRINDING AND POLISHING TOOLS. 








THE MODBEN EEFLEOTINGl- TELESCOPE. 


5 


stroke ; this change is especially desirable when figuring the glass ; it is, of course, 
impossible when only one di-iving-crank is used. 

I regard the transverse slide, or something equivalent to it, as absolutely neces- 
sary to the .success of a grinding and polishing machine ; it will be noticed that its 
purpose corresponds, in some measure, to that of the long slot in the main arm of 
Draper’s machine ; I have used both arrangements and have found the transverse 
slide to be far more effective and convenient in use ; its use will be described in 
the chapters on grinding and polishing. 

The secondary crank, while very desirable and convenient, for the reason given 
above, is not indispensable ; 1 have used several smaller machines which have given 


good results without it. 

The manner in which the grinding and polishing tools are connected to the 
main arm is shown in Plate iv. A vertical shaft, If inches in diameter and 24 
inches long, both rotates and slides (vertically) freely in bronze bearings attached to 
the main arm. The grinding and polishing tools are connected to the lower end of 
this shaft th rough the medium of a large universal coupling, — a gimball or Hooke’s 
joint, — with two pairs of hoi’izontal pivots at right angles to each other ; this allows 
the tools to rock freely in all directions in order to follow the curvature of the glass. 
The tools are lifted, for counterpoising them, by the lever above (see Plate rv), 
through the medium of the vertical shaft and the universal coupling. In the case 
of very massive grinding tools of moderate size, like that shown in this illustration, 
the universal coTipling is connected directly to the back of the tool j but in the 
case of all large tools which are to be used for fine work this connection is made 
through the medium of a system of bars and tiiangles, so that the tools are counter- 
poised without the slightest danger of changing their shape. A small coupling with 
ball bearings at the upper end of the vertical shaft allows the latter to rotate freely 
witli reference to the link which connects it to the counterpoise lever. 

To recapitulate briefiy : this method of connecting the grinding and polishing 
tools allows them to be controlled in all of the following ways simultaneously: 
(1) the stroke of the tool is given by the motion of the main arm; (2) the slow 
rotation of the. tool is rigorously controlled by the belting above ; (3) the tool is 
allowed to rock or tip freely by means of the universal coupling, m order that i, 
may follow the curvature of the glass; (4) the tool rises and falls freely by means 
of the slidimr of the l|-inch vertical shaft in its bearings, m order that it may fol- 
low the curvature of the glass; (5) the tool is counterpoised by means of 

the main arm, through the medium of the same vertical shaft and univeisal 


on 


In Plate .II is shown the large le^er by which the S-foot glass wh.ch weighs 
a ton, is lifted on and off the u.achine, and by m^ns of f 

ing tools are handled. One of the full-size grinding tools, ^ 

is shown suspended by the lewei-. The arrangements are so oonTenient that the 

optician alone can do all paits of the woik. 
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CHAPTER IV. 

GRINDING TOOLS. 

While grinding tools of glass were used in mucli of my earlier work, and are 
still used for small work, I now use cast-iron grinding tools for all large work. 
These are cast very heavy, with ribs on the back ; the ribs are made heavy, but not 
deep (or high). For large work iron tools are cheaper than glass ones ; they are 
more easily prepared ; they are more easily and safely counterpoised, which is 
always necessary in the fine-grinding of large work; and they produce on the glass 
a fine-ground surface fully as smooth and perfect as can be obtained with glass tools. 

An important question is in regard to the size of grinding tools, — whether they 
should be of the same diameter as the mirror. For mirrors up to 24 or 30 inches 
in diameter full-size tools are generally used. For concave mirrors larger than 30 
inches in diameter I use grinding tools whose diameter is slightly more than half 
that of the glass, i. e., a 16-inch tool for a 30-inch glass; a 32-inch tool for a 60-inch 
glass. These I shall refer to as half-size tools. Full-size tools are, of course, much 
more expensive and difficult to make ; they are many times heavier than half-size 
tools of equal stiflEness; and they require a much stronger grinding machine to 
counterpoise them properly; grinding can be done with them, however, more 
quickly than with the smaller tools. Half-size tools are economical and are quickly 
prepared ; they are easily counterpoised ; and a much greater variety of stroke can 
be used with them, so that with a well-designed grinding machine I have found it 
easier to produce fine-ground surfaces, entirely free from zones, with half-size than 
with full-size tools. If temperature conditions and uniform rotation of the glass 
are carefully attended to, the surface of revolution produced by the smaller tools is 
fully as perfect as that given by the. larger ones; I always take the precaution, 
however, to work a full-size approximately flat tool on the glass before beginning 
to excavate the concave, so as to start out with a surface of I'evolution. 

Grinding tools for concave and convex mirrors are always made in pairs, one 
concave, the other convex. Grinding tools for plane mirrors are made in triplicate. 
These iron tools, when being cast, are “ poured ” face down, so that the faces will 
be clean. I shall describe the preparation of a pair of iron tools for a concave 
mirror, leaving the description of tools for plane mirrors until the making of plane 
mirrors is discussed. The convex and concave tools are turned in a lathe to the 
proper curvature as shown by templets. The convex tool, which is, of course, to 
be used on the concave glass, is now placed on a planing machine, and has a series 
of grooves cut across the convex surface. These grooves are usually J inch wide, 
and run in two directions at right angles to each other; these divide the surface into 
squares, which are usually made about one inch on a side. These grooves serve to 
distribute the grinding material uniformly, and entirely obviate the tendency of the 
tools to cling to the glass in fine-grinding. Ho grooves are cut in the concave 
tool. A number of holes are now bored through both tools, in such positions that 
wooden cups or funnels can be inserted into the holes from the back or ribbed side 
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of the tool, without interferiug with the libs ; these cups serve for the introduction 
of the grinding material during the process of grinding; they should be thoroughly 
varnished. 

The convex and concave tools are now ground together on the machine, with 
fine grades of carborundum (which is much more effective for this purpose than 
emery) and water. This eliminates the circular marks left by the lathe, and 
enables the optician to secure the exact curvature desired. A very important point 
is that by grinding with the concave tool on top, the radii of curvature of both 
tools can be gradually shortened ; when the convex tool is used on top the curva- 
ture of both is gradually flattened. By this means, and the use of very fine grades 
of carborundum, a most perfect control of the curvature of the tools may be had. 

The curvature of the tools and of the glass is measured by means of a large 
spherometer; this is shown in Plate v, resting upon a 12-inch glass grinding tool. 
The spherometer is of the usual three-leg form ; the legs terminate in knife-edges, 
the lines of which are parts of the circumference of a 10-inch circle. The central 
screw is very carefully made ; it was ground in its long nut (which was made adjust- 
able for tightness) with very fine grades of emery such as ai‘e used in optical work; 
screw and nut were then smoothed and polished by working them together with 
rouge and oil. The screw is of millimeter pitch, and the head, which is 4 inches 
in diameter, is graduated to 400 divisions. On fine-ground surfaces settings can 
be made to one-half or one-third of a division, corresponding to a depth of 
■Biriw inch, approximately. 


CHAPTER y. 

POLISHING TOOLS. 

After experience witli polishing tools of various kinds, the tools which I now 
use exclusively for large work consist of a wooden disk or basis constructed in a 
peculiar manner, and covered on one side with squares of rosin faced with a thin 
layer of beeswax. The wooden disk may be replaced, in the case of small polish- 
ing tools up to 12 or 15 inches diameter, by a ribbed cast-iron plate so designed as 
to be extremely light and rigid; the bases of lai*ger tools may be made of cast 
aluminum, but this, in order to be strong and rigid, must contain 16 % or more of 
other metals ; such a basis for a 30-inch polishing tool weighs about sixty pounds, 
and the rough casting alone costs about fifty dollars. It is possible that a metal 
basis possesses an advantage over a wooden one in that its surface is less yielding. 
Tools properly constructed of wood, however, are light and extremely rigid, are 
easily made, and are economical in cost. As their proper construction is a matter 
of the utmost importance, I shall describe, somewhat in detail, the method of 
making wooden bases of from 16 to 40 inches diameter. 

A large number of strips of dry and straight-grained pine wood IJ inches wide 
and inch thick are prepared; the w^ooden basis is built up of successive layers 
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of these stiips. The strips in all layers except the two outer ones are laid just i 
of an inch apart. Those of each layer are placed at right angles to those of the 
next layer below, and are glued and nailed down with long wire brads. The best 
cabinet-maker’s glue is used, and the strips are warmed before the glue is applied. 
Each crossing of the strips in the successive layers e., each of the l|-inch squares), 
is nailed with at least two nails. The upper surface of each layer is carefully 
planed flat before the next layer of strips is applied. For a 20-inch tool six layers 
of pine strips (each inch thick) are used ; for a 24-inch tool, seven layers ; for a 
36-inch tool, ten layers. Next, one layer of thoroughly seasoned strips of hard 
straight-grained cherry wood about inch thick and slightly less than inches 
wide is added, to form the outer layer at the back of the tool ; these strips are laid 
almost touching each other. In the case of tools for flat mirrors, a precisely similar 
layer of cherry strips is added to form the outer layer at the front or face of the 
tool. But in the case of tools for concave or convex mirrors the strips composing 
the front layer must be made thicker, to allow for the curvature of the face of the 
tool. If this curvature is great, the cherry strips forming the front layer are made 
of double width (i. ^., slightly less than 3 inches wide), in order that the width of 
their bases shall be greater as compared with their thickness ; this is usually done 
when the depth of the curve is greater than inch. The gluing and nailing of 
the outer layers of stiips are done with the greatest thoroughness, four of the long 
fine nails being driven through into each of the squares of pine wood beneath. 
For tools less than 20 inches in diameter thinner strips and a larger number of 
layers are used. The entire thickness of the wooden disk or basis built up in this 
way should be between one-tenth and one-eighth of its diameter. 

This wooden basis is next placed in a large lathe, the edge is turned smooth 
and to the proper diameter, and the face is turned to fit the curvature of the glass 
to be polished. 

A round pan of galvanized iron large enough to contain the wooden disk hav- 
ing been prepared, enough hard paraffin is melted in it so that the disk can be 
soaked in the liquid paraffin; the latter must not be hotter than 150° Fahrenheit, 
otherwise the strength of the glue-joints will be injured. It is best to melt the 
paraffin on a gas or gasoline stove, so that the degree of heat can be easily controlled. 
The tool should soak for several hours, being moved continually and turned over 
often. Since the construction of the wooden basis is such that a great number of 
openings extend entirely through it, the melted paraffin permeates the entire tool 
thoroughly. The wooden tool prepared in this way is lighter than any metal tool 
of the same degree of stiffness, and is entirely impervious to the moisture which is 
necessary in the polishing room. The question of lightness is a most important 
one, as will be seen when the work of polishing is described later. 

The front or face of the wooden basis is now lightly scraped with a wide, 
sharp chisel, to remove any excess of paraffin, and is then marked off for 1 J-inch 
squares of rosin, with grooves inch wide between them; the grooves should come 
exactly above the -^inch spaces left between the pine strips beneath. 

The preparation of the rosin squares is usually a very troublesome matter, but 
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becomes easy wlien the following directions are obseiwed. A clean, flat board, 
having an area about twice tliat of the polishing tool, is prepared. One face of 
this is covered with clean paper. Long strips of wood ^ inch square are fastened 
upon the paper by means of fine b]*ads; these strips are placed Just 1-;|- inches apart, 
and the ends of the grooves thus formed (grooves 1-|- inches wide, ^ inch deep, 
and of any convenient length) are closed with strips of wood. The board is now 
carefully leveled. The rosin, when melted and softened to the proper degree, is to 
be poured into these grooves, which serve as moulds. 

A quantity of rosin suilicient to fill all of the grooves is melted in a clean pan. 
Even when only a small quantity is needed it is best to melt at least ten pounds 
of rosin, since tlie entire process of “tempering” and pouring is more easily and sat- 
isfactorily carried on with large quantities than with small. Only lumps of clear, 
clean rosin should be used. A gas or gasoline stove is very convenient for melting 
the rosin, since tlie degree of heat can be easily controlled. When the rosin is 
melted the pan is removed from the stove and a quantity of turpentine, equal in 
weight to about of the rosin used, is added, and the mass thoroughly stirred. 
A tablespoon fill of the liquid is now dipped out and immersed foi‘ several minutes 
in a bucket of water at the temperature of the polishing room, whicli should he 
about fiS’ Falirenheit. The s|)oonful of rosin is now taken out, and its hardness tried 
with the thuml)-nail. If the rosin is brittle at the thin edges it is still too hard, and 
a little more turpentine must be added; if, however, it is soft like wax or gum, it is 
too soft, in which case the pan of rosin must be hardened by boiling for a few min- 
utes ; this di'ives off the excess of tuiqxmtine. When the rosin is of the pi-oper hard- 
ness an indentation about fr inch long can be made in it by moderate pressure of the 
thumb-nail for five seconds. When the proper degi'ee of hardness lias been ob- 
tained it is often necessary to licat the pan of rosin again so that it will not be too 
tliick to pass readily througli tlie strainer; tliis is a long, narrow bag of cheese- 
cloth through which tlie rosin is strained as it is being poured into the grooves or 
moulds previously described. If such heating is necessary it must be done gently 
and witliout boiling; otherwise the rosin will be hardened. Enough is poured 
into each gi-oove to just fill it. 

After being poured, the rosin should cool for six oi- eiglit hours. Then the 
nails which held the quarter-inch sti-ips of wood to the board below are removed, 
and the layei- of rosin, wooden strips, and paper is carefully lifted from the board, 
when the paper is easily stripped from the rosin, to which it does not adhere 
closely. With care the thin strips of wood can now be removed, one after tlie 
other, and the long strips of rosin, 1|: inches wide and inch thick, are secured 
without chipping or breaking, Tliese are now readily cut into squares with a 
hot knife. 

The squares are attached to the previously marked wooden basis by quickly 
warming one face of each square over a flame and tlieii pressing it gently against 
the tool with the fingers. The tool is now ready for rough -pressing. 

Three strong eyes are screwed into the back of the tool, and it is suspended, 
face down (by means of wires connected to the ceiling of the room), so as to hang 
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about two feet abov’-e the flame of a gas or gasoline stove. The tool can now be 
swung about so that the rosin squares are warmed uniformly. When the squares 
are slightly soft and very slightly warm, hut not hot, to the touch, tlie tool is 
placed upon the previously ground glass which is to be polished, the glass having 
just previously been thoroughly wet with distilled water so that the I’osin will not 
stick to it. Slight pressure may be exerted to assist in pressing the rosin surface 
to fit the glass. The tool will have to be slightly wanned and pressed several times 
before good contact is secured all over. I always prefer to “ rough-press ” the rosin 
tools on an iron grinding tool having the same form as the glass, if a sufficiently large 
one is available; but the precaution is always taken to cover the iron tool with 
clean wet paper. 

The rosin squares will have spread somewhat irregularly during the rough- 
pressing; so the surface is marked with a straight-edge and knife, and the edges of 
the squares are trimmed so that the grooves between them are sti'aight and of uni- 
form width. This trimming is best done with a sharp knife, held so as to make an 
angle of about 60 '^ with the surface of the tool, and drawn quickly toward the 
workman. 

The rosin squares are now ready for coating with wax. A pound of best bees- 
wax is melted in a large clean cup and is very cai'efully strained thi'oiigli several 
thicknesses of cheese-cloth into a similar clean cup. A brush is made by tying sev- 
eral thicknesses of cheese-cloth around the end of a thin blade of wood inclie.s wide. 
Each rosin square is now coated with a thin layer of wax, by a single stroke of the 
brush; the wax should be very hot, otherwise the layer will be too thick. 

The tool is now ready for “ cold -pressing ” or “fine-pressing,” a matter of the 
most vital importance, which will be more properly de.scribed later, in connection 
with the work of polishing the glass. 

The work of making a large concave mirror will now be described in detail. 


OriAPTEE YL 

ROUGH-GRINDING THE FACE AND BACK OF A ROUGH DISK OF GLASS, AND 

MAKING THE SAME PARALLKT.. 

The rough disk of glass is placed upon the carpeted tiii‘ntaV)le, and a long 
strip of thin oilcloth is drawn around its edge ; the upper edge of the oilcloth is 
securely fastened to the glass by means of a strong cord, and the junction between 
oilcloth and glass is made water-tight by means of watei-proof adhesive tape. The 
oilcloth strip is wide enough to hang several inches below the edge of the iron 
plate on which the glass rests, so that the circular trough of galvanized iron, which 
can be seen in Plates rv and vi, catches all of the emery and wmter which are 
washed over the edges of the glass during grinding ; this circular trough is station- 
ary, has two holes in its bottom above the buckets, which can be seen in the plates, 
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and is kept scraped clean by two scrapers which reach down into it from the 
revolving turntable. Several important results are thus secured : the carpet cushion 
under the glass is kept dry; the entire machine is kept perfectly free from the 
dripping of the grinding material; and all of the latter material is caught in 
buckets and is used again and again in the later and finer grinding. 

The large iiregnlarities of surface of large rough disks are usually ground 
away with coarse emery and a heavy, flat, half-size iron tool without grooves, the 
surface of which is rounded up considerably at the edge, so that the tool may rise 
easily over obstructing irregularities without breaking them. The giinding machine 
is set so that the half-size tool moves over the glass well out to one side of the lat- 
ter ; the rotation of the turntable of course brings all parts of the glass in succession 
under the tool ; if the setting of the machine is such that the half-size tool passes 
in much beyond the center of the glass at every stroke, the surface of the latter will 
become concave. 

When the marked irregularities of surface. are ground away, the full-size, flat, 
grooved iron tool is put on. A tool of this kind is almost indispensable in making 
a mirror. Emery and water are supplied through the cups at the back of the tool, 
and the glass is quickly ground approximately flat. The glass is now turned over, 
and the other side is ground in a precisely similar manner. 

The thickness of tlie glass is now tried, all around, by means of calipers. The 
approximately flat surfaces will probably be found to be far from parallel. If this 
is the case, the thick side may be gi*ound down as follows ; The belt which drives 
the turntable is loosened, until it will just rotate the latter, and a brake is arranged 
so that the workman can sto[) the rotation of the turntable at any desired point by 
pi'essing on the brake with his foot. A flat, half-size grooved tool is put on, and 
set so as to work far out to one side of the glass. A medium grade of emery (TTo. 
^0) is used, and the machine started. As the thick side of the glass, which has 
been marked, comes beneath the moving tool, the turntable is slowed down or 
stopped, so that a great excess of grinding is done on tlie thick side at each revolu- 
tion. By distributing the grinding carefully, and trying the thickness often with 
the calipers, the upper surface is easily made parallel to the lowei‘ one. Wlieri this 
is done the full-size tool is again used for a short time. The glass is then ready for 
edge-grinding. 


CHAPTER VII. 

GRINDING EDGP: OF GLASS.— ROUNDING OF CORNERS. 

In order that an efficient edge-support, which will be described later, may be 
given to the glass, it is desirable that the edge of the latter be ground truly circu- 
lar aud square with the face. The manner in which this is accomplished is shown 
in Plate vr. The glass lies upon three large blocks of wood, which hold it several 
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inches above the surface of the circular iron plate. Thin oilcloth is arranged 
about the blocks and over the iron plate, to keep them dry. A smooth, flat, iron 
face-plate is mounted (so as to rotate in a vertical plane) on a heavy lathe head- 
stock ; the latter is cariied upon a strong slide which can be moved toward the 
glass by means of a fine pushing-screw. The lathe and face-plate are driven at a 
high rate of speed by means of a belt. In the case of the 5-foot glass the face- 
plate used was 24 inches in diameter and made 1,000 revolutions per minute. For 
a 24-incb glass, inches thick, a face-plate 11 inches in diameter, making 1,800 
revolutions per minute, is used. A frame of wood, covered with oilcloth, is built 
around the face-plate, so that the grinding materials will not be thrown about the 
room. The glass rotates slowly with the turntable, as usual. Emery and water, 
or sand and water, are heaped upon the horizontal surface of the glass, and are 
slowly scraped toward and over the edge, so as to come between the revolving face- 
plate and the glass ; a small Jet of cold water, brought from the hydrant by means 
of a rubber tube, greatly assists in the uniform feeding of the emery, and also in 
preventing the generation of heat. But there is in reality no danger of heating, for 
the revolving face-plate nemr actually touches the glass. As the irregularities of the 
edge are ground away the face-plate is gradually moved forward by means of 
the slide and pushing-screw. 

If the edge of the rough disk be very irregular, as is usually the case, the sui*- 
face of the iron face-plate will have a circular groove worn in it, by the time the 
rough-grinding of the edge is done ; in this case the face-plate should be turned flat 
and tme again, and smoothed on a fiat iron giindiug-tool, before the edge of the glass 
is fine-ground. Several fine grades of emery are now j)rei)ared by the process of 
washing to be described later, and the edge-grinding is finished by the use, in suc- 
cession, of three such grades of emery as fiour, three-minute washed, and ten-minute 
washed. Care should be taken throughout the process that the edge of the glass 
is ground square with the face ; any error in this i‘espect can be corrected by slightly 
raising or lowering the outer end of the slide which supports the lathe head-stock. 

Edge-grinding is accomplished very quickly in the manner described. The 
edge of a 24-inch disk four inches thick, even when very roiigli and irregular, lias 
been ground and smoothed in ten hours of actual grinding. Despite the great 
speed of the I'otating face-plate, I have never had any chipping of the glass or 
accident of any kind occur. 

Before beginning the fine-grinding of the face and back it is well to round the 
corners at the edge of the glass. This is done by means of a smooth fiat strip of 
sheet-brass of the size and shape of a large flat file; this is worked over the corners 
of the glass by hand, while the disk rotates slowly, emery and water being used for 
cutting. A “quarter-round” corner is usually made. Finer and finer grades of 
emery are used for smoothing the quarter-round. This rounding and smoothing 
are veiy necessary, as particles of glass from a sharp or lough edge are liable to be 
drawn in upon the surface by the action of the grinding tool during fine-grinding. 

The wooden blocks are now removed and the glass replaced upon the carpeted 
turntable. 
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OHAPTEE VIIL 

FINE-GRINDING AND POLISHING THE BACK OF THE MIRROR. 

Before discussing the work of fiiie-griiidiiig I shall describe briefly the making 
of the fine grades of emery. T never buy finer grades than “flour.” The latter 
grade is used with the full-size flat grooved tool to give a moderately fine surface 
to the glass after the rough-grinding previously described has made the front and 
back approximately flat and parallel. The residue of emery, fine ground glass, and 
water, resulting from the grinding with flour emery, is caught in buckets, as pre- 
viously described. This residue is mixed with an abundance of water, in (for a 
large mirror) three or four clean granite-ware buckets, which are marked A. The 
contents of these buckets are thoroughly stii’red, and are allowed to settle for two 
minutes; during this time all coarse particles will have settled to the bottom, and 
“two-minute” emery and finer grades remain in suspension in the water. The 
liquid is now quickly siphoned off, by means of a rubber tube, into other clean 
granite-ware buckets marked from which the handles have been removed. The 
contents of tlie latter are allowed to settle for four minutes, when the greater part 
of the liquid in each is carefully poured back into the buckets A. The contents of 
the latter buckets are reserved. The sediment remaining in the buckets J8 is the 
“two-minute” washed eineiy, with which the fine-grinding of the back is begun. 
After the grinding with this grade is finished, the residue from this grinding is 
mixed with what was reserved in the buckets A, the whole is stirred again and 
allowed to settle for five minutes, the liquid is sijihoned off, and thus “five-minute 
washed” emery is secured. In a similar manner emeries which have remained in 
suspension in water for 12, 30, 60, 120, and 240 minutes are secured. In this way 
the large quantities of the finer grades which are necessary for large work can be 
secured as the work progresses. If accumulations of residues from previous work 
are available, some time will be saved by washing out all of the fine grades desired 
before the fine-grinding is begun. 

Plane and concave mirrors are finished approximately flat on the back, as this 
form is most convenient for tlie application of the support-system. Pine-grinding 
of the back is usually done with the full-size, flat groov^ed tool, as this works 
rapidly. In this [)art of the work, in which the greatest refinement is not neces- 
sary, it is my custom to use the fine grades of emery (when these have all been 
prepared in advance) in succession, without stopping the machine or taking off the 
tool between grades for the purpose of cleaning the tool and the glass. The emery 
and water are supplied through the wooden cups at the back of the tool. 

For a 24-inch mirror and its full-size tool, strokes varying from 6 to 8 inches 
in length are used with the 2-, 5-, and 12-minute washed emeries; shorter strokes, 
from 4 to 6 inches in length, are used with the finer grades. Considerable lateral 
displacement of the tool, amounting at the greatest to 2 or 2-^ inches on the glass, is 
given at short intervals, by means of the transverse slide. On an average 20 double 
strokes per minute are given in fine-grinding a 24-inch mirror with full-size tool. 
Between 7 and 8 double strokes occur for each revolution of the glass and turntable. 
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Witli regal'd to counterpoising tlie tools during fine-giinding, the following 
statements may be made : My full-size iron tools for a 24-incli mirror weigli about 
150 pounds, or ^ pound for each square inch of area. This weight, or even 
pound to the square inch, is not objectionable with emeries down to S-minute or 
10-minute washed ; but when this weight is allowed with finer emeries, scratches 
are liable to occur; indeed, with 30-minute washed and all finer grades they are 
almost certain to occur. The pi'essure on the glass is therefore decreased, by coun- 
terpoising the tool, to approximately ^ pound to the square inch for 12- to 20 minute 
emeries, pound per square incli for 30- to 60-miuute emeries, and about pound 
per square inch for 120- and 240-ininute emeries. This Title is followed^ approxi- 
matehjy in all fine-grinding^ lohether of hack or face. This obviates, to a great 
extent, the danger of scratches in grinding, provided that thorough cleanliness is 
practiced in the preparation and use of the fine emeries. The apparatus by which 
the counterpoising is effected has already been desci'ibed (page 5). 

Ill fine-grinding a 24-inch glass, the 2-minute and 5-minute emeries are used for 
three-quarters of an hour each; the 12- and 30-minute emeries for one liour each, 
and the 60-, 120-, and 240-minute emeries for one and one-half hours each. The 
fine-ground surface resulting is so exquisitely smooth that it takes a full polish very 
readily. 

The back of the glass is now ready to be polished. This is done with a half- 
size or two-thirds size polishing tool, which is moved about on the glass by the 
action of the machine precisely as a half-size grinding-tool would be. Optical rouge 
and distilled water are used, instead of emery and water. The work of [)olishing 
will be described in detail later, in connection with the work of finishinsjc the face 
of the glass. 

It is an excellent plan to fine-grind and polish the front surface of a disk 
also, approximately flat, as has been described for the back; the optician is then 
able to examine carefully the internal structure of the disk. Usually tliei'e is no 
choice as to which side shall be used for the face of the mirror, but this can readily 
be determined when both sides are polished. Plate vu shows tlie 5-foot disk with 
both sides ground and polished in this manner. 


CHAPTER IX. 

GRINDING THE CONCAVE SURFACE. 


As before stated, it is my practice to use full-size grinding tools for concave 
mirrors up to 24 or 30 inches in diameter. For larger concave mirrors half-size tools 
are generally used. I shall first describe the grinding of a 24-inch concave. 

The glass must be carefully centered by means of the three adjustable arcs 
attached to the supporting plate ; these arcs must not be screwed tightly against 
the glass, lest the latter be strained ; several thicknesses of heavy drawing paper 
are used between arcs and glass. 
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With regard to counterpoising the tools during fine-grinding, the following 
statements may be made : My full-size iron tools for a 24-inch rairi'or weigh about 
150 pounds, or ^ pound for each square inch of ai'ea. This weight, or even 
pound to the square inch, is not objectionable with emeries down to 5-minute or 
10-minute washed ; but when this weight is allowed with finer emeries, scratches 
are liable to occur; indeed, with 30-minute washed and all finer grades they are 
almost certain to occur. The pressure on the glass is therefore decreased, by coun- 
terpoising the tool, to approximate!})' pound to the square inch for 12- to 20 minute 
emeries, pound per square inch for 30- to 60-minute emeries, and about pound 
per square inch for 120- and 240-Tninute emeries. This ride is folloioed, approoci- 
mately^ in all fine-grinding^ whether of hack or face. This obviates, to a great 
extent, the danger of scratches in grinding, provided that thorough cleanliness is 
practiced in the preparation and use of the fine emeries. The apparatus by wbicli 
the counterpoising is effected has already been described (page 5). 

In fine-grinding a 24-inch glass, the 2-minute and 5-minute emeries are used for 
three-quarters of an hour each; the 12- and 30-minute emeries for one houi* each, 
and the 60-, 120-, and 240-minute emeries for one and one-half hours each. The 
fine-ground surface resulting is so exquisitely smooth that it takes a full polish very 
readily. 

The back of the glass is now ready to be polished. This is done with a lialf- 
size or two-thirds size polishing tool, which is moved about on the glass by the 
action of the machine precisely as a half-size grinding-tool would be. Optical rouge 
and distilled water are used, instead of emery and water. The work of polishing 
will be described in detail later, in connection with the work of finisliing the face 
of the glass. 

It is an excellent plan to fine-grind and polish the front surface of a disk 
also, approximately flat, as has been described for the back ; tlie optician is then 
able to examine carefully the internal structure of the disk. Usually there is no 
choice as to which side shall be used for the face of the mirror, but this can readily 
be determined when both sides are polished. Plate vii shows the 5-foot disk with 
both sides ground and polished in this manner. 


CHAPTER IX. 

GRINDING THE CONCAVE SURFACE. 

As before stated, it is my practice to use full-size grinding tools for concave 
mirrors up to 24 or 30 inches in diameter. For larger concave mirrors half-size tools 
are generally used. I shall first desciibe the grinding of a 24-inch concave. 

The glass must be carefully centered by means of the three adjustable arcs 
attached to the supf)orting plate; these arcs must not be screwed tightly against 
the glass, lest the latter be strained ; several thicknesses of heavy drawing pajoer 
are used between arcs and glass. 
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The glass must also be carefully levelled (by means of the three large adjusting 
screws of the turntable) so that its u[)per surface is accurately at right angles to 
the axis of I'otation ; this is determined by rotating the turntable, aud trying the 
surface with a surface-gauge. The band of thin oilcloth is securely bound, around 
the edge of the glass, to kee[) the polished back and the cushion clean and diy. 

The excavation of the concave is begun with moderately coai'se emery (if the 
concave is to be (^^tiite deep) and a lead tool ; this is a lead disk about 10 inches in 
diameter and or 2 inches thick; it is easily turned in a lathe to the proper 
curvature; it is used on and near the center of the glass until a depression of 
approximately the desired curvature (as determined by the spherometer) and of 12 
or 13 inches diameter is produced. A heavy iron tool about 13 inches in diameter, 
which has been turned and ground to the proper curvature, is now put on with 
about No. 90 emery. By giving careful attention to the length of stroke, and to 
the position of the tool on the glass as determined by the setting of the transverse 
slide, and by frequent trials of tlie curvature of the excavation with the spherom- 
eter, the diameter of the excavation is gradually increased, while its Gurvatiire is 
continually kept very near that which is desired for the finished mirror; this keeps 
the iron tool of projier cui-vatuie also. 

The stroke used in this work should vary from 6 to 10 inches in length. As 
the size of tlie excavation increases, tlie setting of the ti’ansverse slide is continually 
changed so that the tool acts farther and farther to one side of the center of the 
glass; otherwise the I'adius of curvature will be shortened. When the diameter of 
the excavation has increased to about 22 inches, flour emery is substituted for the 


No. 90, and the grinding is continued as before. Care is now taken to make the 
curvature read exactly right with the spherometer. When the excavation becomes 
about 23 inches in diameter, the 13-inch tool is taken off, and the full-size, convex, 
grooved iron tool is put on ; this has previously been fine-ground to the proper 
curvature on the corresponding concc'iv'e tool. With this tool and washed flour 
emery the diameter of the concav’’e on the glass is increased to 23-|- oi’ 23:|: inches. 

The fine-grinding or smoothing of the concave is now done with the full-size 
tool. The same grades of emery, the same lengths and speed of stroke, and the same 
rules in regard to counter])oising are used as have ah'endy been described in the 
case of fine-grinding tlie back of the glass (page 13). The length of stroke is 
changed every eight or ten minutes, and the lateral displacement of the tool (given 
by means of the transverse slide) is changed slightly at the end of every .two or 
three complete I'evolntions of the glass. The tool is taken off after each grade of 
fine emery is used, and the tool and glass are carefully cleaned. W^ith the assistance 
of the counterpoise lever the removal of the tool is effected easily and safely, with- 
out disconnecting it from the main arm of the machine ; this is well shown in Plate 
IV, in which the grinding tool is shown hanging at one side of the glass. 

The surface of the glass is examined with a microscope after each grade 
of emery is used, to make sure that no pits from previous grades remain. 

During all fine-grinding and machine-polishing a large sheet of heavy clean 
paper or pasteboard is attached to the main arm in such a way that no particles of 
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dnst from the belts which control the slow rotation of the tools can fall upon 

the glass. ^ < j; n ■ 

The process of grinding larger concave surfaces without the use of fiill-size 

tools is precisely similar to that described for a 24-inch mirror, up to the point of 
substituting the 24-inch convex tool ; from this point the grinding is carried on by 
a continuation of the use of a half -size, convex grooved tool ; this may be the same 
iron tool which has been used for enlarging the excavation. When the diameter 
of the excavation approaches that of the glass, the tool should be tested with the 
spherometer for curvature, and, if necessary, ground in its corresponding concave 
iron tool until its curvature is uniform and of exactly the desired radius. Tlie 
grinding of the glass is then continued with wmshed flour emery until the edge of 
the excavation is within -I- inch of the edge. Experience in the previous use oT the 
half-size tool, in enlarging the excavation and in keeping the curvatui’e of the glass 
uniform and of the desired radius, will enable the optician to decide iip>on tlie vari- 
ous lengths of stroke and the various settings of the transverse slide necessary in 
this grinding and in the finer grinding to follow. 

In fine-grinding a 30-inch concave with a 16-inch tool, strokes vaiying from 6 
to 12 inches in length are used ; for a 9-inch stroke the normal setting of the trans- 
verse slide (i. e., one which would tend neither to lengthen nor shorten the radius of 
curvature of the glass) would be such that the outer edge of the tool overlnings the 
glass about 3 inches in the forward stroke, while the inner edge of the tool passes 
about one inch on the other side of the center of the glass on the return stroke. 

Throughout the entire process of fine-grinding with the half-size tool tlu^ length 
of stroke is changed once every eight or ten minutes ; at the end of every two or 
three revolutions of the glass the setting of the transverse slide is change(i, a little 
at a time, for a considerable distance on either side of the normal setting ; tlni sea- 
ting of the slide can be changed without difiiculty, while the machine is |•unning, l)y 
merely turning a hand-wheel. By these means the formation of zones of urnapial 
focal length can be entirely avoided. 

The same grades of emery are used, and the same rules in regard to <!ounter- 
poising observed, as with full-size tools. Notwithstanding the fact that tlni length 
of stroke can be considerably greater than with full-size tools, each gi’adc of (unei’y 
must be used for a longer time, on account of the smaller area of the grinding sur- 
face. G-lass and tool are thoroughly cleaned, and the surface of the former exam- 
ined, after the use of each grade of emery, as before described. 

Care must be taken during this work that the belts which rotate tlie turntable 
are kept tight, so that no irregularity in the rotation of the turntable with refer- 
ence to that of the crank-shaft can occur. It is absolutely necessary that all of the 
fine work on large mirrors be done in rooms where no sudden changes of teini>era- 

ture can occur, and that nothing be allowed which might affect the temiierature of 
the glass locally. 

If the concave mirror is intended for a paraboloidal one, the fine-ground sui-face 

should be spherical, with its radius of curvature 2 F +-^, where F is the desired 

4F 
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focal length of the finished paraboloid and E. is the semi-diameter of the mirror ; 
the reason for this is fully explained later. I have never attempted to parabolize 
while fine-grinding; it is possible that it might be well to do this in the case of 
very large mirrors of short focus, but my practice has been to fine-grind and polish 
to a spherical surface, free from zones, and then to parabolize by means of suitable 
polishing tools. 


CHAPTER X. 

POT,! SUING. 

The pi*eparation of polishing tools has already been described. Tlie ymlishing 
rouge which I use is of the (piality which is used in large quantities commercially 
in polishing plate-glass. I prefei* the powdered form always. This grade of rouge 
is not expensive (it costs about 30 cents per pound), but, like all rouge which 
I have seen, it contains hard, sharp particles which may cause scratches. It must 
therefoi*e be tlioroughly washed in the following manner : 

In a clean, deep bowl G enough rouge is placed to fill it about one-third full ; 
the bowl is tlien nearly filled with distilled water. The mass is very thoroughly 
stirred with a clean wooden paddle, and allowed to settle for about twenty minutes. 
The water above the rouge will now be perfectly clear ; this water is siphoned off. 
With a clean spoon the light and fine rouge constituting the upper one-third of the 
precipitated mass is removed, and placed in a second clean bowl 1). The rouge 
remaining in 6' may be again stirred up with an abundance of distilled water, and 
allowed to settle as before, tlie water siphoned off, and the upper one-fourth of the 
precipitated rouge removed and placed in D. The heavier rouge which remains 
in G is about lialC of the original quantity taken; this is usually reserved, and, 
after further washing, is used for polishing the backs of mirrors, and for similar 
work. Only the contents of the bowl D are used for fine work, and these are stirred 
up again and again with distilled water during the process of polishing, and only 
the fine, soft cream which remains on the top of the mass of rouge, when it settles 
each time, is used for polishing. 

The thin cream of rouge and distilled water is applied to tlie glass by means of 
a wi<le bi'ush consisting id a thin paddle of wood with clean cheese-cloth wrapped 
and tied about one end. Brushes of the usual kind should not be used. 

By taking these precautions, and by the use of the wax surface on the rosin 
squares, scratches in polishing can be entirely avoided. It is true that the very 
light, fine rouge polishes more slowly than the heaviei* and coarser rouge, but an 
exquisitely fine polished surface is produced on the glass by its use. The wax 
surface also polishes more slowly than a bare rosin one, but it has the very great 
advantage that its action is more smooth and uniform than that of the rosin surface ; 
the latter often tends to cling to the glass, and this unequally in different parts of 
the stroke. 
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The same question arises in regard to the size of polishing tools as in the case 
of grinding tools, — -whether they shall he full-size or smaller. In the writer’s opin- 
ion fine plane and spherical surfaces up to about 36 inches in diameter are best 
polished with full-size tools, w’^hich are moved by hand, by the optician and one or 
two assistants, upon the surface of the slowly rotating glass. The upper parts of 
the machine are, of course, removed during such polishing, which I shall call manual 
polishing. 

A 24-inch polishing tool, prepared as already described, with its wooden basis 
2|- inches thick, weighs about 25 pounds ; this is not heavy enough for the best ac- 
tion in polishing ; so about 50 % additional weight is put on in the foim of 12 lead 
blocks which are distributed uniformly and screwed to the back of the tool. 
This gives a weight of about ^ pound for each square inch of area, which is found 
to work well for all large tools. For tools 18 inches or less in diameter somewhat 
greater pressure per square inch of area may be used. A 36-inch tool, with wooden 
basis 3f or 4 inches thick, weighs 75 or 80 pounds, and needs no ad<litional 
weighting. 

The work of polishing a 24-inch mirror with full-size tool will now be described. 
Six strong knobs of oak Wood are screwed to the back of the wooden basis, each 
knob being at the center of w^eight of each sixty-degree sector of the tool. These 
knobs serve for pushing, pulling, and lifting. 

The polishing tool, which, with the glass, should have cooled over night after 
the warm-pressing or rough-pressing previously described, is now to be cold-pressed. 
Cold-pressing is absolutely necessary in all fine work on large optical surfaces. 
In warm-pressing, both tool and glass are distoited by even slight warming, and 
when they become cool a perfect fit cannot be expected. The ghiss is carefully 
wiped with clean cheese-cloth, and an abundance of very thin mixture of rouge 
and water is spread upon it. The tool is now placed upon the glass and allowed 
to lie for several hours, being moved about slightly every ten minutes to redis- 
tribute the rouge and watei’, and to prevent the lattei* from drying around the 
edges. The pressing may be assisted at first by means of a 20- or 30-poiind weight, 
the pressure of which must be distributed by some sucli means as tliree bars 
laid upon the six knobs, and a triangle, carrying the weight, laid upon tliese. The 
final cold-pressing must be done by the weight of the tool alone. The tool is 
taken off and examined occasionally ; when it is sufficiently pressed the wax sin- 
face appears uniformly smooth and bright. So perfect a fit is secured in this way 
that there is no danger of injuring the form of the glass when polisbiiig is begun. 
This applies to all stages of polishing and figuring. A fresh snp[)ly of rouge and 
water is now spread upon the glass. 

The stroke of the 24-incli polishing tool is easily given by the optician and one 
assistant, who sit on opposite sides of the machine; the glass slowly rotates with 
the turntable, making about 2 revolutions per minute. The knobs on the back 
of the tool are held in the hands, and the stroke is given by alternately pushing 
and pulling; no vertical pressure whatever should be given by the hands. In 
addition, a considerable side-throw is always given, first to one side, then to 
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the other; this greatly assists in preventing the formation of zones of unequal cur- 
vature. Polishing may be begun with a stroke 6 inches in length, which of course 
causes the tool to overhang the glass 3 inches at the ends of the stroke; between 
20 and 25 double strokes per minute are given. The side-throw used with this 
length of stroke is about 2 inches, ^., the tool is made to overhang the glass 
about 2 inches, first to the right, then to the left; the time occupied in passing from 
the extreme riglit to the extreme left is about what is required for 4 double strokes. 
This stroke and side-throw are continued while the glass makes exactly 2 revolu- 
tions ; the tool does not rotate with the glass, of course, while the stroke is being 
given ; the last stroke should end with the tool central upon the glass. 

Tool and glass are now allowed to rotate together for of a complete revolu- 
tion, and each optician then grasps the pair of knobs next to that which he held 
before, so that the stroke is now given along a diameter of the tool 60° from that 
last used ; the length of stroke is now changed to 7 inches, and the side-throw 
to inches, and polishing is again carried on during exactly 2 revolutions of the 
glass. Tool and glass are again allowed to rotate together for of a revolution, and 
polishing during 2 revolutions is now done with a stroke of 8 inches and side-throw 
of 3 inches. During the next periods of polishing, each of 2 revolutions of the 
glass, the stroke and side-throw are gradually shortened until a stroke of 4 inches 
or less is reached; then the length of stroke is increased again. 

When polishing has been carried on during 6 or 8 periods of 2 revolutions 
each, it will be found necessary to supply more rouge. The only entirely satisfac- 
tory method of doing this, when a full-size polishing tool is used, is to remove the 
tool from the mirror, and quickly spi’ead the thin cream of rouge and water upon 
the glass as uniformly as possible with the cheese-cloth brush. The removal of 
the tool is effected by the two o[)ticians carefully sliding it off the mirror, and lift- 
ing at the same time. The tool should be allowed to rema’in off* the glass for only 
as short a time as possible, so that the form of the latter shall not be altered as a 
result of a change of tenq>ei‘ature of tlie surface, caused by evaporation. For this 
and other i-easons, such as the prevention of dust, the air in the polishing room 
should be kept moist by keeping the floor well sprinkled. 

When the tool is replaced on the mirroi’ it is lifted by both opticians so that 
only a very small part of its weight remains on the glass, and is lightly moved about, 
for 30 seconds or more, to distribute the rouge and water thoroughly before polish- 
ing is continued. As before stated, tlie method just described is the only entirely 
satisfactory one, known to the writer, of supplying rouge during the polishing with 
a full-size tool. All methods of supplying rouge at the edge, or through holes in 
the tool, are inadmissible when the greatest refinement of figure is required. 

It is in order that they may be easily handled in the manner described that 
full-size polishing tools should be] made light. It would, of course, be possible to 
devise mechanism by which tools of any size and weight could be sufficiently 
counterpoised, could be moved about upon the glass, and could be removed from 
the latter for the purpose of supplying rouge. The simple and economical method 
which I have described, however, works well for mirrors up to 36 or 40 inches in 
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diameter. For larger mirrors it is more economical, in the opinion of the writer, to 
use half-size tools for obtaining a fully polished spherical surface, and the same and 
smaller tools for parabolizing. The method of using these will be described 
later. 

In general, it is much easier to prevent the formation of zones, and to eliminate 
zones already present, with full-size polishing tools than with smaller ones. The 
method of manual polishing just described, in which the length of stroke and the 
amount of side-throw are very frequently changed, tends to give a spherical surface, 
except for a zone around the edge of the mirror one-half an inch or less in width ; 
this part of the surface will be of too great focal length, i. e., will turn down or 
back slightly, unless means are taken to prevent it. This tendency. is most pro- 
nounced when a long stroke is used to excess, or when the rosin squares are too 
soft. It is entirely prevented by diminishing the area of the rosin squares around 
the edge of the tool, by trimming their edges to such a form as is shown in Fig. 4, 
page 28. The exact amount of trimming required depends upon the length of 
stroke, hardness of rosin, and temperature of polishing room, and therefore can be 
exactly determined only by experience. 

A 24-inch mirror which has been properly fine-ground with emeries down 
to 2-hour or 4-hour washed, is readily brought to a perfect polish with a full-size 
tool in from 2 to 4 hours of actual polishing. If several broad zones of different 
focal lengths have resulted from the fine-grinding, as frequently happens, these 
zones can be gradually eliminated by a continuation of the use of the full-size 
polisher as above described. 

Attention must be given to the rosin squares, which gradually press down so 
that their edges must be trimmed to keep the grooves of their original width and 
of uniform width. When the bare rosin begins to show at the corners or edges of 
the faces of the squares, which will occur after 6 or 8 hours’ use of the tool, 
a new coat of wax must be applied, and the tool must again be thoroughly cold- 
pressed. It must not be supposed, however, that cold-pressing is necessary only at 
such times ; in all fine work this pressing must be done whenever the tool has 
remained off the glass for more than a few minutes ; after hanging face down during 
the night the tool is always cold-pressed for about 2 hours before polishing is begun 
in the mornintj. 

Polishing with half size or smaller tools is best done with the machine, instead 
of by manual work. These tools do not have to be removed from the glass in order 
to renew the supply of rouge ; they are therefore connected to the machine and used 
very much as half-size grinding to«ds are used ; in my work they are made of such 
weight that they need not be counterpoised. Very large or unusually heavy polish- 
ing tools of this kind can, of course, be easily counterpoised when desired. 

Great experience, constant attention to very frequent changing of the position 
of the tool by means of the transverse slide, and frequent testing of the form of the 
mii’ror surface are necessary in polishing with half-size or smaller tools, in order to 
preserve the uniform curvature of the surface. This is greatly facilitated by trim- 
ming the rosin squares at and near the edges of the tool, as in the case of full-size 
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tools, but to a greater extent ; the effect of the action of the edges of the tool 
is thus softened or blended. 

When a half-size or smaller tool has just been coated with wax, or is known 
to be far from the exact form desired, it is first cold-pressed in the usual way on the 
center of the glass. But the final cold-pressing of such tools should be done as fol- 
lows : The entire surface of the glass is painted with rouge and water, and 
the machine is set to give a “ normal ” stroke, i. e., one by which the tool is made 
to cover the entii’e surface of the mirror as uniformly as possible ^without an 
excess of action on any zone) as the glass revolves ; the machine is run extremely 
slowly, and the setting of the transverse slide is changed often ; after pressing the 
tool for an hour or two in this way, polishing or figuring is to be begun. 


CHAPTER XI. 

TESTING ANT) FIGURING SPHERICAL MIRRORS. 

Before describing the work of figuring concave mirrors, which is done with 
polishing tools, it will be necessary to consider methods of testing. Ihe principles 
involved in testing concave mirrors at their center of curvature by Foucault’s 
method have been thoroughly ex[»lained and illustrated by Draper on pages 13—19 
of his book, and by Dr. Common in his book On the QonstvuGtioti oj' ct J^ive-Jfoot 
Equatorial Mefiecting Telescope. F oucault’s original paper on this subject may be 
found in Vol. 'v of the Annals of the Paris Ohs&t'natory. 

All mirrors, when being tested, are placed on edge, so that the axis of figure 
is nearly horizontal, large mirrors being 8U8],)ended in a wide, flexible steel band, 
lined with soft [lajier or Brussels carpet; for glass mirrors larger than 30 inches in 
diameter it is very desirable to have the grinding and polishing machine so con- 
structed that the glass can be turned down on edge for testing, in the manner shown 
on Plate ir, without removing it from the machine. A 30-inch glass mirror 4 
inches tliick weighs about 2(50 pounds ; mirrors huger than this are difficult 
to handle without suitable mechanism. 

A small, brilliant source of light, or “ artificial star” may be pi'oduced by pla- 
cing in front of the flame of an oil lamp a thin metal plate in which a very small 
pinhole has been bored. If the illuminated pinhole be placed about an inch to one 
side of the principal a.xis of the mirror, and at a distance from the mirror equal to 
its radius of curvatui’e, a reflected itnage of the pinhole will be formed on the 
other aide of the axis, and at the same distance from it and from the mirror as 
the corresponding distances of the pinhole itself. If the surface of the mirror 
is perfectly s[)herical, and if there are no atmospheric disturbances in the course of 
the rays, the reflected image, when examined with an eyepiece, will be found to be 
a pei'fect reproduction of the pinhole, with the addition of one or more diffraction 
rings around it, minute details of the edge of the pinhole appearing as exquisitely 
sharp and distinct as when the pinhole itself is examined with an eyepiece. If the 
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eyepiece be moved outside and inside of the focus, the expanded disk in both cases 
appears perfectly round. Nothing can be more impressive than to see such a 
leflected image produced by a fine spherical mirror having a radius of curva- 
ture of 100 feet or more. Several such mirrors of 2 feet aperture have recently 
been finished here. 

The use of an eyepiece is interesting for such experiments as that just 
described, and is important as a check upon the test with an opaque screen. The 
latter test, however, which I shall call the knife-edge test, is used almost exclusively 
for mirrors of all forms ; it is far more serviceable than the eyepiece test in deter- 
mining the pature and position of zonal irregularities, and is far more accurate in 
detei mining the ladius of curvature either of a mirror as a whole, or of any zones 
of its surface. 


If the eye be placed just behind the refi.ected image of the illuminated pinhole, 
so that the entire reflected cone of light enters the pupil, the polished, unsiJvered 
min or surface is seen as a brilliant disk of light. Let an opaque screen or knife- 
edge be placed in the same plane through the axis as the pinhole, and be moved 
across the reflected cone from the left, and just in front of the eye ; if a dark shadow 
is seen to advance across the mirror from the left, the pinhole and knife-edge are 
inside ot the best focus, and must be moved together away from the mirror j 
if, however, with the knife-edge still moved across from the left, the shadow 
advances across the mirror from the right, pinhole and knife-edge are outside of the 
focus and must be moved toward the mii-ror. By repeated trials a position is found 
from which the shadow does not appear to advance from either side, but the mirror 
surface darkens more or less uniformly all over: this is the position oi* plane of the 
best focus, and it is with this position of the knife-edge that irregularities of the 
surface, if' any exist, are seen in most highly exaggerated relief ; with this position of 
the knife-edge, the mirror, if perfectly spherical, is seen to. darken with absolute uni- 
formity all over as the screen is moved across the focus, and the impression of a per- 
lectly plane surface is given to the eye. 

howevei, the minor is not perfectly spherical, but contains several zones of 
slight^ different radii of curvature, a very common case, these zones will appear as 
protuberant or depressed rings on an otherwise plane surface. The reason for this 
IS evident; the light from some parts of such zones is cut off by the knife-edc^e 
bfore, from other parts after, the illumination from the general surface is cut off • 
v ^ eiefore seen in light and shade, ^. e., in enormously exaggerated 

rdief. The mirror must be regarded as being illuminated by light shining very 
obliquely along the surface from the side opposite that from which the knife-edge 
advances across the focus. The interpretation of lights and shades becomes easy 
after a little expermnce ; not only is the character of a zone-whether it is an eli 

determined diameter and its width are readily 


If the disk of glass is of sufificient thickness and of proper quality, and if 

T rotation of the turntable all to the pro- 

on of the glass from abnonnal conditions of temperature during grinding and 
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polishing, all irregularities of figure which occur are perfect zones or rings concen- 
tric with the edge of the glass ; that is, the surface is always a perfect surface 
of revolution. If, however, these precautions have not been taken, or if the glass 
has been improperly supported during grinding and polishing, or if it has been cut 
out of thick rolled plate-glass, so that it is weak in the direction of one diameter, an 
astigmatic mirror may be produced, in which the radius of curvature is slightly 
different along two diameters at right angles to each other. 

Astigmatism is easily recognized with either the knife-edge or the eyepiece 
test. Let the plane of the apparent focus be determined with the knife-edge 
advancing from the left, then from above, then from the right, then from a number 
of directions between these three ; if astigmatism exists the planes of the various 
foci thus found will not coincide; and the directions of greatest and least curvature 
of the surface are readily determined. When the eyepiece test is used, an astig- 
matic mirror does not give a sharp image even at the best focus; if the eyepiece be 
moved outside and inside of this focus the expanded disk becomes elongated, and 
is not uniformly illuminated ; tlie direction of elong.ntion outside is at right angles 
to that inside, and the distribution of light in the expanded disk is entii-ely different 
outside and inside of the focus. 


I^PIN HOLE 


— 

; DIAGONAL PRISM 


?12 


LENS 



Fig. I. 


.lamp 

^ 'Tuame 


ARUANGKMKN'r ItV WHICH AKTIKICIAL STAR IS USKl) VKRY CLOSK TO OPTICAL AXIS. 


The general character of tlie tests having now been described, let iis con- 
sider some important matters of detail which are necessary for the greatest refine- 
ment in testing all forms of mirrors. 

By the use of a small lens and a diagonal prism, in the manner shown in Fig. 
1, the lamp can be kept well out of the way, and the illuminated pinhole and its 
reflected image brought very near to the axis of figure of the mirror. This is of 
much importance in testing mirrors of short focus or of great angular aperture, as 
the danger of errors in testing due to working considerably out of the axis of figure is 
avoided. As may be seen in the figure the pinhole is now placed at the surface of 
the diagonal prism nearest to the mirror being tested. The arrangement should 
be such that the cone of rays proceeding from the lens is considerably larger than 
is needed to fill the concave mirror. 

When being figured, mirrors are usually tested while unsilvered, since very 
frequent tests are desirable. While the amount of light reflected from the polished 



24 


THE MODERN REFLECTING TELESCOPE. 


unsilvered surface is surprisingly great, a mucli more brilliagt “ artificial star ” than 
that given by the oil lamp is required for the greatest refinement and accuracy 
with the krrife-edge test, especially in the cases of plane, paraboloidal, and hyper- 
boloidal mirrors, in which there are two reflections from the unsilvered surface. It 
might be supposed that a larger pinhole could be used, and thus a more l)rilliant 
illumination of the mirror surface secured ; but a large pinhole allows an apparent 
diffusion of light over the mirror surface, which obliterates all the more delicate 
contrasts of illumination due to minute irregularities of surface. With feeble 
illumination of the surface the eye is entirely unable to detect slight contrasts, 
which with brilliant illumination become strong and unmistakable. When the 
knife-edge test is used with an extremely small pinhole of between and 
inch in diameter, illuminated by acetylene or (what is much better) oxy-hydrogen 
or electric-arc light, minute zonal irregularities are strongly and brilliantly shown, 
which are entirely invisible with large pinhole or insufficient illumination. With 
the arrangement of lens and diagonal prism (Fig. 1) either of the soiii’ces of light 
named can be used without difficulty ; disturbances of the aii- from theii* heat 
should be prevented by placing the light behind a partition with a window of thin 
plate glass. 

With the best conditions of apparatus just described, the degree of accuracy to 
be attained with the knife-edge test is surprising. With a mirror of 2 feet aperture 
and 50 feet radius of curvature, the plane of the center of curvature can be easily 
located to within inch, and with care to within half of that amount. With the 
dimensions given, a change of inch in the radius of curvature corresponds to 
a change of inch in the depth of the curve of the mirror surface. There can 

be no doubt that zonal irregularities of surface of half of this amount are readily 
recognized. 


We are now ready to consider the finishing of a spherical mirror. As befoi’e 
stated, a continuation of the use of the full-size polishing tool tends toward the 
giadual elimination of zonal irregulaiities. This work is often slow and laboiions, 
howevei, for when the mirror becomes nearly finished, so that any zones, when 
seen with the knife-edge test, appear as extremely slight elevations or depressions, 
the improvement becomes exceedingly slow. The work may be facilitated by the 
ocal use of very small polishing tools upon protuberant zones. These tools are 
usua y from 2 to 4 inches in diameter, and consist of squares of rosin upon a basis 
of brass ; their faces are waxed and cold-pressed, and the squares around their 
edges are trimmed in order to soften or blend the action of the edges ; small local 
tools with their surfaces trimmed as shown in Fig. 13 (in which the shaded parts 
lepiesent the rosin) are excellent for the purpose. These local tools are used as fol- 
ows : the positions and width of any protuberant zones are carefully determined by 

^-eplaced on the rotating turntable ; stationary 
iHlerTcMonlTrt “ to indicate the 
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IS done on each zone dunng several revolutions of the glass, the length and diref 
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tion of the stroke being changed after each complete revolution. Great care and 
judgment must be used in this work, and the surface must be tested very often, 
otherwise a wide zone will usually give place to several narrow one&. After the 
protuberant zones have been softened down in this way the full-size polisher is 
again used for finishing the surface. 

A large and perfect splierical mirror is an indispensable part of the equipment 
of an optical laboratory, as it affoids what is in ray opinion the most satisfactory 
means of testing large plane iniiroi.s. On account of the ease of rigorously testing 
a concave spherical surface, this is the form which should be first attempted 
by beginners in option! work. 


CHAPTER xri. 

GRINDING, FIGURING, AND TP^STING PLANE MIRRORS. 

The making of large plane mirrors of fine figure is usually regarded as much 
more difficult than that of large concave mirrors. The difficulty has been, in the 
past, largely one of testing. With a satisfactory method of testing the large plane 
surface as a whoh, in a rigorous and direct manner, the problem is greatly simpli- 
fied. So far as the writer is aware, no such test has hitherto been fully developed. 
In Monthly Notices, Vol. 48, p. 105, Mr. Common suggests, very briefly, the testing 
of plane mirrois in combination with a finished spherical mirror, and gives a 
diagram in illustration ; but no details in regard to the metliod are given. This 
method has been develo[)ed and used for many years by the wiiter in testing plane 
mirrors up to 30 inches in diameter. When this test is used, the difficulty of mak- 
ing a 24inch [)lane mirror which sliall not deviate from perfect flatness by an 
amount greater than r, oo.'ooo neither greater nor less than that of making a 

good spherical nnrroi- of 2 feet apei-ture and 50 feet radius of curvature, when 
it is required that the radius of curvature shall not differ fi'om 50 feet by a 
quantity greater than inch. 

A 



A spherical mirror A (Fig. 2), which should not be smaller in diameter than 
the plane mirror J3 to be tested, is figuied with the utmost accuracy, special care 
being taken that no astigmatism, however slight, exists in it. The mirror A 
is silvered ; J3 is polished and unsilvei'ed. The mirrors may be set up as shown in 
plan in Fig. 2, the distance cm + mf being equal to the radius of curvature of A ; 
both miri’ors hang on edge in steel bands as already described. The light proceeding 
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from the illuminated pinhole strikes -S, is reflected to A, thence back to B, 
thence to a focus close beside the illuminated pinhole. 

When using the knife-edge test the optician sees the mirror B brilliantly illu- 
minated, and in elliptical outline, the horizontal diameter appearing foreshortened 
by an amount depending upon the angle at which the mirror is viewed. W^ith the 
knife-edge test the surface of B is seen in relief, as a whole ; any zonal errors appear 
enormously exaggerated, and their character and position are readily determined, 
just as when a spherical mirror is tested at its center of curvature ; these zonal 
errors, of course, appear elliptical, on account of their foreshortening ; their effect is 
doubled in intensity on account of the two reflections from B (assuming that the 
illumination is as brilliant as the eye requires). 

The test, as already described, is all that is necessary for the detection and loca- 
tion of zonal erroi*s. But something more is necessary in order to detect general 
curvature, i. e., convexity or concavity, in B. Let us assume that the mirror, when 
fine-ground and polished, is so nearly flat that no curvature can be detected with a 
Brown and Sharpe steel straight-edge of the finest quality; and for convenience in 
description let ns also assume that the surface is free from zonal errors. Let the 
knife-edge be moved across the reflected cone from the left; a focal point is found 
at which the right and left sides of the mirror darken simultaneously ; this focal 
point we will cally^j^. Now let the knife-edge be moved across the cone from 
above, instead of from the left; a focal point will be found at which the upper and 
lower parts of the mirror darken simultaneously ; this focal point we will call y* 2 . 
It is only when the mirror is a perfect plane thatj^j audj ^2 coincide with each 
other and with the point (see figure). If B is slightly convex, andy ^2 are out- 
side of ^ («. e., farther from the mirror than^) andy*j is outside cA f^. If B is 
slightly concave bothy^j andy^g inside of andy^ is inside of f^. In practice, 
the exact position of f is not found (except incidentally when the plane mirror is 
finished), for this would involve the very accurate measurement of the large dis- 
tance 0771 -f- mf. The determination of the positions ofy^ andyg with reference to 
each other is all that is needed. 

Thaty^ andyg do not coincide when B is convex or concave is due to the fact 
that the curvation of B is apparently increased or exaggei'ated in the direction of 
the hoidzontal diameter of the mirror, on account of its foreshortening in this direc- 
tion, as seen fromy* while the curvature in the direction of its vertical diametei' is 
not thus exaggerated. The effect is precisely as if the spheiical mirror .4 were astig- 
matic, the parts of the surface adjacent to the horizontal diameter having a different 
radius of curvature from those adjacent to the vertical diameter. This effect is so 
rhaiked that an extremely small deviation of B from a true plane can be detected. 
Foi example, if A and B are each two feet in diameter, the radius of curvature of 
A being fifty feet as before, and if the angle which the lineym subtends with the 
sui-face ol B is 45°, a deviation from a true plane of inch in the surface of 
B is readily detected. If the angle of the mirror B be changed to 30°, as shown 
in Kg. 3, the accuracy of the test for general curvature is about doubled ; the latter 
position, however, is not usually so convenient for determining the positions of zonal 
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errors ; for the greatest refinement, thei-efore, the stand on which A and ^ are sup- 
ported is so designed that the positions of the mirrors can be quickly changed so as 
to give the greatest accuracy in each part of the test. 



The use of an eyepiece in this test is important because it shows how fatal to 
good definition is even a very slight convexity or concavity of a plane miri-or when 
used in oblique positions. If and /'g coincide as closely as can be detected 
with the knife-edge test (JJ being free from zonal iiregularities also) the re- 
flected image of the pinhole, as seen in an eyepiece at is as ex<pii8itely sharp 
and perfect as if it were formed by the splierical mirror A alone. But if is 
slightly convex or concave the appearance of the eyepiece image is similar to that 
which has already been described in connection with astigmatic concave mir- 
rors ; the image is not sharp even at the best focus; if is convex, the image 
becomes elongated in a vertical direction outside, and in a horizontal direction 
inside, of the best focus; if -Z? is concave the dii’ections of elongation are the re- 
verse of these. 

The pre[)aratioii of grinding tools for plane mirrors is similar to that of tools for 
concave mirrors, Thiee full-size, flat iron tools are usually made, however, all of 
which are grooved. These are ground together with carboi-iindum of finer and finer 
grades, until all appear flat when tested with a carefully kept Brown and Sharpe 
steel straight-edge of best <[uality. 

The plane mirror is fine-ground in the manner described for concave miri’ors. 
It is of course a rare occurrence to find a large plane mirror nearly optically flat 
when it is fii*st tested after grinding and polishing. My large mirrors almost in- 
variably come out slightly convex when first polished; this may be due in part to 
the fact that the flat grinding tool becomes very slightly concave during the fine- 
grinding of the glass, from being worked on top (see page 7). Slight convexity 
of the mirror at this stage of the work is much better than slight concavity, for it 
is much better and easier to remove a high center than a high edge, during the 
process of figuring with polishing tools. 

Manual polishing with full-size tools should be employed when the mirror is 
not too large to allow this. The polishing is begun with the iwvmal tool shown 
in Fig. 4, in which the grooves are oE unifoi’in width throughout. After an hour’s 
polishing the mirror is tested ; if it is found to be convex, polishing is continued 
with the cojicaving tool shown in Fig. 5, in which all of the grooves are gradually 
widened toward the edges of the tool, so that there is a progressive decrease of 
action toward the edges of the glass; the amount of this widening must be 
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determined by experiment ; it should be such that the convexity ot* the mirror is 
slowly and uniformly decreased. 

If the mirror, when first tested, is found to be concave, the con, vexing tool 
shown in Fig. 6 is used to continue the polishing. 

The concaving and convexiug tools often tend to introduce broad slight zonal 
errors; lienee recourse must be had repeatedly to the normal tool. When all trace 
of g&neral curvatnre has disappeared, any remaining zonal errors are eliminated by 
the use of the normal tool, and, if necessary, of the small local or figuring tools, (see 
page 24). 



Fig. 6. Convkxing roidsiiiNO "rooL vor Figuring Plank Mirror. 


If a finished [>lane mirror is available which is not smaller than the one being 
figured, the work is very greatly facilitated by continually cold-pressing the polish- 
ing tools on the finished mirror ; eveiy precaution must be tidven, however, to pre- 
vent injury to the figure of the finished mirror by sucli cold-pi'essing. 

In some of the writer’s early work, in which the thickness of mirrors was made 
only one-twelfth of their diameter, it was found that a polishing tool, as de- 

scribed above, tended to change the mirror very gradually toward a concave. This 
was undoubtedly due to the fact that the friction of [)olishiug warmed the surface 
very slightly, thus expanding it and making it convex with reference to the polish- 
ing tool ; the tool did not follow this change of form readily, hence the central parts 
of the glass were acted upon in excess. Furthermore, such thin mirrors, when un- 
silvered, were so sensitive to slight changes of temperature that the presence of the 
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optician’s body for a period of tw'o or three minutes, at a distance of three feet 
from a mirror which was set up for testing, would throw a previously plane mirror 
convex by an amount many times greater than the smallest amount which can be 
detected by the knife-edge test. When the thickness of mirrors is made equal to 
about one-seventh of their diameter, their sensitiveness to all such temperature 
effects is very greatly decreased. Furthermore, in the case of silvered glass mirrors 
which are used for solar work, the writer has found that thick mirrors suffer very 
much less change of figure from exposure to the sun’s heat than thin mirrors do. 
Silvering affords a great protection from changes of tempei‘ature, since the silver 
film furnishes an almost totally reflecting surface for heat radiations. 


CHAPTEE Xm. 

TESTING AND FIGURING PARABOLOIDAL MIRRORS. 

The work of changing a spherical mirror to a paraboloidal one is accomplished 
entirely by the use of polishing tools, by shortening the radii of curvature of the 
inner zones, instead of by increasing or lengthening those of the outer zones. The 
methods of effecting this change of curvature will be described after the methods 
of testing a paraboloid have been discussed. 

Such testing can be done at the center of curvature, by determining there the 
foci or the radii of curvature of successive zones of the mirror ; it may be done at 
the foous of the paraboloid, by the aid of a finished plane mirror which should be 
at least as large as the paraboloidal one; and it may be done dii’ectly on a star. 
The first two methods named have the very great advantage that they may be 
conducted without interruption, under the practically perfect atmospheric and 
temperature conditions of the optical laboratory. 

lesting a, Paraboloid at the Qenter of Ourvature. A knowledge of the prop- 
erties of the parabola enables the optician to compute the positions of the centers 
of curvature of successive, definite, narrow zones of the mirror, and the surface 
must be so figured that the radius of curvature of each zone agrees with the com- 
puted value. In testing, each zone in succession is exposed by means of a suitable 
diaphragm, all of the rest of the surface being covered. In practice, two entirely 

different formulae may be used, depending upon the position of the illuminated 
pinhole. 

Let F be the focal length of a finished paraboloidal mirror, and R the semi- 
diameter of any extremely naiTow zone or ring of its surface, concentric with the 
vertex or center of the mirror; the normals to this zone cross the axis at a point 

whose distance from the vertex is 2 P+^; hence, if the illuminated pinhole be 

placed very dose to the axis, and at a distance of 2 F + ^ from the vertex, the 
rays of light reflected from the narrow zone will form a focus br image in the same 
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plane (at right angles to the axis) in which the pinhole itself lies. This is the 
simplest formula which can be used, but it is not the most useful in practice. 

In testing paiaboloids at the center of curvature the writer has always used 
the following method and formula: The illuminated pinhole remains fixed at the 
center of curvature <>f the central parts of the rairroi', i. e., at a distance 2 F from 
the vertex, where F is the focal length. The intervals, measured along the axis, 
between the reflected foci of the various zones, are now twice as great as those 
given by the method described in the preceding paragraph ; consequently these 
foci can now be d.etermined with twice the accuracy which can be attained by that 
method. Only the rays reflected from the parts of the paraboloid very near to 
the vertex are now brought to a focus in the plane of the pinhole. If the para- 
boloidal figure is perfect, the j-ays reflected from any very narrow zone whose serai- 

diameter is R are now brought to a focus at a distance ““ + back of the plane 

2 b 16 Jb ^ ^ 


the pinhole, i. e., at a distance 2 F + 


R2 
2 F 


16 F3 


from the vertex of the paraboloid. 


The quantity 


R^ 

16F3 


is so small in the case of mirrors 


of modei’ate size and of ordinary 


ratios of aperture to focal lengtlv that it can be neglected ; even in testing the 
outermost zones of the 5-foot mirror of 25 feet focal length, this quantity is less 

R2 

than 0.002 inch, while the <iuantity amounts to inches. 


Now let us consider what is the best method of determining the planes of the 
reflected foci. Draper, Common, and other workers used an eyepiece for this purpose ; 
this serves well for mirrors of moderate angular aperture, but for mirrors in which the 
ratio of aperture to focal length is as great as 1 to 5 or 1 to 6 this method presents 
serious difficulties; if narrow zones are used the image in the eyepiece is blurred 
and indistinct on account of the diffraction effect produced by the edges of the 
zonal openings in the diaphragm, while if wide zones are used the difference of 
focus of tlie inner atid outer parts of a zone is so great that the image shows 
evidence of marked abei’ration ; with neither narrow nor wide zones can the 
position of the focus be determined with very great accuracy. 

In Puhlioations of the A. S. P., vol. xiv.. No. 87, Hussey gives a formula for 
the position of the “ circle of least confusion ” when a zone of given width is used ; 
if Hussey’s foi-mula were employed and the j^inhole were made very small and 
round, with smooth edges, it is pi*obable that much greater accuracy could be 
attained than V)y the use of an eyepiece in the ordinary way. 

The method of locating the reflected foci which is used by the writer is as 
follows; it is capable of sui'prising accuracy when the optician has become experi- 
enced in its use. The leflected focus of a zone is found with the knife-edge, pre- 
cisely as the focus of a spherical mirror is found. The knife-edge is moved across 
the reflected cone from the left ; if the left side of the zone is seen to darken first, 
the knife-edge is inside of the focus ; if the right side darkens fimt, the knife-edge 
is outside of the focus ; when the right and left sides of the zone darken simul- 
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taneously, the knife-edge is at the focus of the zone. One advantage of this 
method is that it is independent of changes of focus of the eye itself ; but the 
great advantage is that very narrow zones or arcs can be used. Diaphragms 
with zonal openings -I- of an inch wide serve admirably for mirrors of 10 or 15 
feet focal length ; indeed the width of the zones which are actually used is con- 
siderably less than this ; for, on account of diffraction, the edges of the openings 
in the diaphragms always appear as brilliant lines, even while the illumination 
near the center of the openings is being cut off by the knife-edge; it is therefore 
only the illumination near the center that is used in making the comparison. 

The diaphragms which I use in this method of testing do not expose entii’e 
zones, but only paii’s of arcs on the right and left sides of the mirror. Fig. 7 shows 
the diaphragm which was used in testing in this way the mirror of the two-foot 
reflector of the Yerkes Observatory. The arcs are cut in a long and narrow strip 
of thin metal; this is attached to the inner edges of two wooden strips, a, these 



Fig. 7. Diaphragm. Used in Testing a Paraboloidal Mirror at its Center 

OF Curvature. 


edges are curved so that all parts of the thin metal diaphragm are nearly in 
contact with the curved surface of the mirror. The edges of the openino's are 
bevelled so as to be extremely thin, and are finished dead-black. Twelve* pairs 
.of arcs were used, with mean radii of 1, 2, 3, . . . 10, 11, and 11^- inches. 

J^he openings of these arcs ai’e inch in width. The foci of the successive zones 
(except those near the center) can be readily determined by this means to within 
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inch along the axis, for a mirror of two feet aperture and of ten or fifteen feet 
focal length. 

Care must be taken when testing in this way that the entire mirror surface is 
uniformly illuminated by the cone of light proceeding from the illuminated pin- 
hole; this condition, once secured, is easily maintained, since the illuminated pinhole 
remains immovable. 

I have described at considerable length the methods of testing paraboloids at 
the center of curvature, because of the importance of the subject, and because this 
will probably continue to be a favorite method, especially among amateurs. But 
when testing is done at the center of curvature, even with the extremely accurate 
method just described, the making of a large paraboloidal mirror of great angular 
aperture and really fine figure is an e.xceedingly difficult task. This is due in part to 
the necessity of very frequent tests, in eacli of which the foci of a large number of 
zones must be determined ; it is due far more to the uncertainty in determining the 
exact nature of errors of surface (considering the surface as a whole) corresponding 
to focal readings \vhich do not agree with tlie computed values. In the case of 
mirrors of small or moderate angular aperture, much irapoi-tant information can be 
gained by viewing tlie surface as a whole, from the (mean) center of curvature, by 
means of the knife-edge test; a finished paraboloid, when thus seen, appears to 
stand out in relief, in strong liglit and shade, as a sui-face of revolution whose sec- 



Fig, S. 


tion is that shown in h^ig. 8; knife-edge and pinhole are both at the center of curva- 
ture of the zone the apparent curve of the surface should be a smooth one. 

But in the case of a mirror of large angular aperture the change of curvature is so 
rapid that only a narrow zone can be seen well at one time, i. e.y with a given focal 
setting of the kni fe-edge. 

Testing a Faraholoid at its Focus. This method was briefly described by the 
writer in the ^stvoph/ysical rTonvnal, ISTovenibei', 1901. It is incomparably more 
simple, direct, and rigorous tlian the test at the center of curvature. A well-figured 
plane mirror, which should not be smaller than the paraboloidal one, is necessary 
in order that the testing may be done in the optical laboratory. In practice a small 
diagonal plane mirror is also used, to avoid the necessity of a central hole through 
the large plane mirror. Both of the plane mirrors are silvered. The arrangement 
of mirrors is shown in Fig. 9. The diagonal prism is placed at y, with the illumin- 
ated pinhole very near the axis ; pinhole and knife-edge are in the same plane, at a 
distance from the vertex equal to c m + mf, which is equal to the focal length of 
the mirror. The paraboloid is now tested as a whole, without the use of zones, 
precisely as a spherical mirror is tested at its center of curvature. 
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PARABOLOl OAL PLANE 



f 

FOCUS « 


Fig. 9. Testing a Paraboloidal Mirror at its Focus. 


If F be the desired focal length of the paraboloidal mirror whose semi-diameter 
is R, then the spherical surface which is fine-ground and fully polished preparatory 

to parabolizing should have a radius of curvature of 2F + — • This is because 

4F 

parabolizing is done by shortening the radii of curvatui’e of all the inner zones of a 
mirror, leaving the outermost zone unchanged, as shown in Fig. 10 ; this is a far 
easier and better method in practice than to leave the central parts of the mirror 



Fig, 10. Fig. II. 


unchanged, and to lengthen the radii of curvature of all of the outer zones, as shown 
in Fig. 11 : 

Let us now suppose that the concave mirror shown in Fig. 9 is a ^lieiHcal one 
with radius of curvature 2 F d- ^^5 where R is the semi-diameter, and F is the 

distance cm m/, from the center of the mirror surface to the plane of the pin- 
hole and knife-edge. If the spherical surface be now viewed from the point / with 
the knife-edge test, it will appear to stand out in relief, in strong light and shade, 



Fig. 12, 


as a surface of revolution whose section is that shown in Fig. 12 , the height of the 
protuberant center depending upon the angular aperture of the mirror. The reason 
for this appearance is readily seen by reference to Fig. 10 . To change the siiherical 
surface to a paraboloid, the protuberant center must be removed by the use of 
suitable polishing tools, until the surface, as seen with the knife-edge test from tlie 
point/, appears perfectly flat, i. e., the illuminated surface darkens with perfect 
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uniformity all over. As the paraboloidal surface nears completion, an elevated or 
depressed center, a “turned up” or “turned down” edge, or protuberant or de- 
pressed zones, can be seen and their character and exact position determined, with 
precisely the same ease and certainty with which similar irregularities are seen when 
a spherical mirror is examined at its center of curvation with the knife-edge test. 

It should be noticed that even when the pinhole and reflected image are very 
near each other, as they should be, yet both may be far out of the axis of the para- 
boloid, if the mirrors are not properly adjusted or collimated; when this is the case 
the mirror surface, when seen with the knife-edge test, does not appear as a sui face 
of revolution, and cannot be properly tested. The mirrors may be collimated by 
the following method, thus insuring that the pinhole and reflected image are both 
extremely near the optical axis. 

The mirrors are set up approximately right by measurement. A ring about an 
inch in diameter, with two fine threads stretched diametrically across it, one verti- 
cal, one horizontal, is set up near the plane of the illuminated pinhole, the intersec- 
tion of the threads marking the desired position of tlie optical axis. A light, 
stiff ring is made, which fits closely over the edge ot the paraboloidal iniiioi, at the 
front; this ring can be slipped on and taken off as re(xiiired. Two very fine bright 
wires are stretched diametrically aci’oss this ring, one vertical, one hoiizontal, these 
wires should be as close as possible to the face of the mirror ; their intersection 
marks the jiosition of the center or vertex of tlie paraboloid. I wo fine shoit lines, 
one vertical, one horizontal, are scratched with a fine needle-point at the center of 
the silvered face of the small diagonal plane miiTor. The eye is now placed about 
3 feet outside of the plane of the crossed threads, and an assistant changes the in- 
clination of the small plane miiTor, by means of tliree adjusting-screws at its back, 
until the intei’sections of the threads, of the scratches, and of the wiies aie all 
seen in exact coincidence. The assistant next changes the inclination of the para- 
boloidal mirror (by means of three adjusting-screws at its l>ack) until, with the 
eye in the same position as before, the intersection of the threads, the inteisection 
of the wires, and the re'flecUon of the intersection of the threads seen in the jiara- 
boloidal mirror, all appear in exact coincidence ; the position of the axis of the 
paraboloid has now been defined. No attention is paid to the large plane miiioi 
in this part of the work. The illuminated xunhole is now placed in position, and 
the large plane mirror is adjusted (by means of three adjusting-screws at its back) 
until the reflected image falls in the right position with reference to the axis and 

pinhole. , i • j i 

frame which carries the paraboloidal mirror can easily be so designed that 

this mirror can be removed and replaced rexieatedly, while figuring it, without 

sensibly disturbing the adjustments. 

The difficulties of making short-focus paraboloidal mirrors of fine figure are 
so greatly reduced when this method of testing is used that I believe that the gen- 
eral adoption of this method by opticians would lead to such improvements in results 
as to bring about a marked advance in the usefulness of reflecting telescopes. ^ The 
making of the large plane mirror which is necessary in this test becomes so simple 
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and certain when the methods of testing and figuring described in the preceding 
chapter are used, that I have no hesitation in saying that when a large paraboloidal 
mirror of short focus and of the finest attainable figure is to be made, it is economi- 
cal to make a plane mirror of the same size, with which to test it, if one is not 
already available. The concave mirror is first figured spherical and is used thus for 
testing the plane mirror while the latter is being figured; the plane mirror is then 
used in testing the concave one during the parabolizing of the latter. Both the 
plane and paraboloidal mirrora are then used in testing the small (convex) 
hyperboloidal mirror while the latter is being figured. 

Testing a Paraboloid on a Star. With this method the mirror surface, as seen 
with the knife-edge test, presents the same general appearance as in testing in con- 
junction with a large plane miiTor ; in the latter test, however, errors of surface are 



seen in greater relief, because the effect of such errors is doubled on account of the 
two reflections from the paraboloid. In addition, it is impossible to overestimate the 
advantage of being able to test as often as is desired, in the optical laboratory, 
where atmospheric and temperature conditions can be controlled perfectly, and 
where the mirror does not have to be removed from the polishing machine in order 
to test it. In testing on a star it is seldom indeed that atmospheric conditions are 
sufficiently fine to allow any except the larger errors of surface to be seen. 

GKornging a Spherical Swt'face to a Paraboloid. As before stated, this is ac- 
complished by shortening the radii of curvature of all of the inner zones of the sur- 
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face, leaving the ontei’inost zone unchanged (see Fig. 10). There are two distinct 
methods of accomplishing this : (1) by the use of full-size polishing tools, the rosin 
surfaces of which are cut away in such a manner as to give a large excess of polish- 
ing surface near the central parts of the tool ; (2) by the use of small polishing or 
-fig uring tools worked chiefly upon the central pai ts of the miri'or, and less and less 
upon the zones toward the edge. 

(1) Paraholizimg \oith FullSim Tools. The I’osin surface can be trimmed 
in a variety of ways to give a great excess of action on the centi'al parts of the 
mirror. Fig. 13 shows one of the best forms of tool for this purpose, the shaded 
parts representing the rosin surface, coated with wax. The form of the edges of 
the rosin-covered areas can be altered as desired, and thus the amount of action on 
any zone can be in some measure controlled. Length of stroke and amount of side- 
throw are also very important factors in controlling the figure of tlie mirror. Tools 
of this kind serve admirably iu parabolizing niii-rors up to 36 or 40 inches in diam- 
eter, when the angular aperture is not very great. 

(2) Parabolizing with One- Third-Size and Smaller Tools. In the case of 
very laige mirrors, when full-size tools are almost unmanageably heavy, and in tlie 
case o£ mirrors of great angular aperture, in which the departure from a spherical 
surface is great and is effected with difficulty with full-size tools, one- third-size and 
smaller figuring tools may be used. The machine should invariably be employed 
in this work, the transverse slide being used to place the tool in succession upon 
the various zones. In ordei’ to preserve the surface of revolution the setting of the 
transverse slide should be changed only at the end of one or more complete revolu- 
tions of the glass. The rosin squaies of the small tools should be somewhat softer 
than usual, so that tlie surfaces of the tools can accommodate themselves slowly to 
the slightly different cuiwatures of the successive zones. The squares around the 
edges of the tools should be trimmed, as before described, iu order to soften tlie 
action of the edges. Tlie mirror should be tested very often, and the utmost care 
taken to kee[) the apjiarent curve of the surface, as seen with the knife-edge test, a 
smooth one, i. c., free from small zonal irregularities, at all stages of the parabol- 
izing; this is not extremely difficult when the optician has become experienced in 
the use of the transverse slide. 

The mirror of the 2-foot reflector of the Yerkes Observatory, which has a focal 
length of only 93 inches, was parabolized in this way by the writer. Two small 
tools were used, of 6 and 8 inches diameter re8[)ectively. The actual difference of 
depth, at the center or vertex of thismiri’or, between the paraboloid and the nearest 
spherical surface is almost exactly 0.0004 inch. This difference is unusually large 
in this case, on account of the exceptionally great ratio of aperture to focal length. 
This difference varies, in different mirrors, as the fourth power of the diaraetei' of 
the mirrors, and inversely as the cube of the focal length. In the case of Lord 
Rosse’s great mirror, in which the aperture is 6 feet and the focal length 54 feet 
(ratio 1 to 9) the coi‘re8[)onding difference at the center is only 0.0001 inch, very 
nearly. In the case of the 5-f<jot mirror of the Yerkes Observatoiy, of 25 feet focal 
length, the corresponding difference is about 0.C006 inch. This gives some idea of 
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the actual amount of glass which must be removed by the figuring tools in 
parabolizing. 


CHAPTER XIV. 

TESTING AND FIGURING CONVEX HYPERBOLOIDAL MIRRORS. 


The methods of figuring and rigorously testing convex hyperboloidal mirrors 
are now so thoroughly developed that the reflecting telescope can be regarded as a 
universal photographic telescope of the highest class, capable of giving, at the 
focus of the paraboloidal mirror of large angular aperture, the finest photographs 
now attainable of large and excessively faint objects such as the nebuhe in general ; 
while by the addition of a small convex mirror a great equivalent focal length 
is obtained for the photography of bright celestial objects requiring large scale, 
such as the moon, the planets, the dense globular star clusters, and the annular 
and planetary nebulae. The convex mirror of course serves as an amplifier, and 
possesses the great advantages over a lens used for this purpose tliat the perfect 
achromatism and the high photographic efficiency of the i-eflector are retained, and 
that the mechanical arrangements are veiy compact and economical. In order 
to give perfect definition the convex mirror must be an hyperboloidal one. 

The writer has recently made two convex mirrors of different curvature, for 
use with the 2*foot reflector. These give equivalent focal lengths of 27 and 88 feet 
respectively. 

Fig. 14 shows the arrangement of mirrors employed in the 2-foot reflector 
when used as a Cassegrain ; a small diagonal plane mirror is used at m, to avoid 
the necessity of a hole through the center of the large concave mirror. JP is the 
paraboloidal mirror, with its focus aty,* H is the hyperboloidal mirror, the secondary 



focus or magnifled image produced by the combination being at F; the point c is the 
center of the hyperboloidal surface. Calling the distance and the distance 

cm + mF then — represents the amount of amplification introduced by the 

convex mirror. The radius of curvature H of the spherical surface to which the 
convex mirror is ground and polished preparatory to hyperbolizing is found with 

sufficient accuracy for all practical purposes by the formula — — — — — whence 


P-P 


P F ^ 



THE MODERN REFLECTING TELESCOPE. 


39 


For example, let the focal length of the paraboloidal mirror P, Pig. 14, be ten 


feet ; let fc = p = 2 ft. and cm + mP = p' = 8 ft. Here^ = 4 ; the image of. 
the moon or other celestial object produced at P is therefore four times larger in 


diameter than it would be at /’ the focus of the paraboloid ; and 


R 


= 4^=64 
P-P 


inches. 

The method of testing the convex mirror while hyperbolizing it is shown 
in Pig. 15. The illuminated pinhole is placed very near the axis at P. The diverg- 


PARABOLOIOAL PLANE 



Fig. 15, Diagram Iliaistrating Trsting op liypKKHui.uiUAL Mirror. 


ing cone of light strikes the small plane mirror, then the convex, then the large 
paraboloid, whence if all of the mii-roi-s are finished and are well adjusted or colli- 
mated, the light is reflected in a parallel beam to the large plane; returning, the rays 
are brought to a focus very near the axis of figure and in the plane of the illuminated 
pinhole. All of the mirrors except the convex one are silvered. The convex spheri- 
cal surface with radius of curvature R, as above described, wlien viewed with the 
knife-edge test from the point P, presents the same general appearance of a smoothly 
curved surface of revolution, in strong light and shade, which a paraboloidal surface 
pi-esents when similarly viewed fi'om its center of curvature (see Pig. 8, p. 33). 
All that is necessary to produce the hyperboloid al surface is to soften down, with 
suitable polishing tools, the ap[)arent broad protuberant zone between the center 
and edge, until the mirror, as seen from F, appears perfectly flat; i.e., until the 
illuminated surface is seen to darken with absolute uniformity all over when the 
knife-edge is moved across tlie focus. This hyperbolizing may be done with small 
local or figuring tools, or with a full-size tool so trimmed as to give an excess 
of action on the broad zone a, or (what is usually best) by a combination of 
the use of both kinds of tools. 

As in the case of the paraboloid, it is necessary in this test that all of the 
mirrors be lined up or collimated with care; otherwise the surface of the convex 
mirror will not appear as a surface of revolution, and cannot be properly tested. 
The axes of the paraboloid and hyperboloid must coincide, and the face of the 
large plane mirror must be at right angles to these axes. These adjustments are 
made by means of an extension of the method of collimation described in the pre- 
ceding chapter, p. 35. First the paraboloidal mirror is adjusted so that its axis 
intersects the hyperboloid at its exact center or vertex; in making this adjustment 
fine threads are stretched diametrically across the cell of the convex mirror, this 
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mirror being removed during this part of the adjustment. Next, the small diagonal 
plane is adjusted for inclination, care being taken that the intersection of the lines 
scratched in its film is placed in the axis of the paraboloid. Then the convex 
mirror is adjusted for inclination, by refi.ection. Finally, with the illuminated pin- 
hole in place, the large plane mirror is adjusted, as previously described. 


OHAPTEE XV. 

SILVERING. 

It is not my purpose to discuss the various processes of silvering. Several 
methods have been admirably described by Diaper (see p. 2 of his book), by 
Brashear, and by Common (see p. 159 of his paper On the Construction of a Fine- 
Foot Reflecting Telescope). I have used almost exclusively the formula published 
by Brashear in 1884, in which sugar is the reducing agent. After experience with 
this process, and when the grades of chemicals specified below are used, silver 
films are invariably obtained which take a ])erfectly black polish, and wliich are so 
thick as to be nearly opaque even to the sun’s disk. Small mirrors are usually 
silvered face down ; films which are satisfactory in all respects are obtained when 
this is done. 

In the case of large mirrors it is more economical of silver, as well as safer and 
more convenient in manipulation, to silver face up. Two difficulties occur, how- 
ever, when this is done ; first, minute transparent spots are liable to occur in the 
film ; these are so small, however, that they can be seen only when looking 
through the film at a bright object; second, the refuse silvering solutions must be 
poured off the mirror, after the silver has been deposited, at exactly the right 
stage of the reaction ; if poured off too soon the film will be thin ; if too late, the 
muddy-brown precipitate which settles upon the film will slightly tarnish the lat- 
ter in such a manner that it will not take a perfect polish ; it is only by ex- 
perience that the optician is able to determine the light instant for pouring off the 
refuse solutions. . Mr. Common encountered similar difficulties in silvering faceup, 
and resorted to the use of solutions without caustic potash, and also to the use of 
Draper’s method of reducing with Rochelle salt; these methods, while subject to 
their own special difficulties, do not give the objectionable piecipitate. The 
writer has adhered to the use of a slight modification of Brashear’s formula alrea<ly 
mentioned, in part because no opportunity has occurred for comparing thoroughly 
the merits of the various formulae, and in part because the films obtained by this 
method give entire satisfaction in use. 

The Reducing Solution. This consists of distilled water, 200 parts ; loaf- 
sugar or pure rock-candy, 20 parts ; alcohol (pure) 20 parts ; nitric acid (c. p.) 1 
part. The proportions given are by weight. This solution is greatly improved by 
keeping, a solution which has been made for several months working more surely 
than one newly made. A gallon of this solution is usually made at one time. 
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The operation of silvering a 2-foot miiTor face up will now be described. 
It will be assumed for the present that the back of the mirror is unsilvered. A 
silvering table is used, which is a strong structure of oak wood having a tilting 
frame carried on two trunnions, so that the mirror can be quickly turned from a 
horizontal to a vertical position, for the purpose of pouring off the cleaning and 
silvering solutions; a strong nai’row edge- band of flexible steel prevents the mirror 
from sliding off; the tilting frame is heavily weighted V)elow so that it cannot 
turn down accidentally. Thus all handling of the mirror while silvering is 
avoided. 

The old silver film, if one exists, is removed with strong nitric acid on a 
bunch of absorbent cotton tied to a glass rod. The face and edge of the mirror 
are then quickly washed with distilled water. A band of strong brown drawing 
paper, which has been dipped in melted paraffin, is drawn around the edge of the 
glass and tightly bound to it by means of a thin band of copper with tightening 
screws ; the paper should piuject about three inches above the glass ; the joints 
should all be made water-tight by means of more paraffin and a warm iron. A 
dish about three inches deep is thus formed, with the mirror as its bottom. 

A 10 per cent solution of pure caustic potash in distilled water is now used 
for thoroughly washing the face of the glass and the inside of the paraffin band ; 
this is done with a large bunch of absorbent cotton tied to a gtass rod. This 
solution is then poured out and the glass is similai-ly washed several times with 
fresh supplies of distilled water, to get rid of all traces of potash. Enough dis- 
tilled water is now poured on the glass to entirely cover it while the silvering 
solutions are being mixed. 

Al l of the vessels, graduates, etc., used for mixing the silvering solutions, 
must be thoroughly washed, first with nitric acid, then with caustic potash, and 
rinsed with distilled water, just as the mirror is cleaned. 

For silvering the face of a 2-foot mirroi’, 2 ounces of silver nitrate 
(Powers & Weightman) are dissolved in 20 ounces of distilled water. One and 
one-third ounces of caustic potash, pure by alcohol (Merck), are dissolved in 
20 ounces of water in a separate vessel, and the solution is cooled. Strong aqua 
ammonia (pure) is added, drop by drop, to the nitrate solution, while the liquid is 
thoroughly stirred; the mixture turns light-brown, then dark-brown; the am- 
monia is slowly added until the liquid becomes clear. Ihe caustic potash solution 
is now added slowly, with thorougli stirring; tlie mixture now becomes very dark- 
brown or black. Ammonia is again added, with thorough stirring, until the 
liquid again just clears. A solution of one-fourth ounce silver nitrate in 16 ounces 
of distilled water having been prepiared, this is added to the mixture, a fewdi'ops at 
a time, with thorough stirring, until the entire solution has a decided straw color, 
while remaining transparent. This sti'aw color is the test for the condition of in- 
stability which is absolutely necessaiy in order that the metallic silver shall be 
thrown out of combination when the reducing solution is added later. The 
solution is now thoroughly filtered through absorbent cotton. 

A quantity of reducing solution is taken containing an amount of sugar equal 
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in weiglit to one-half that of the entire amount of silver nitrate used ; this is also 
filtered. The silver solution and reducing solution are now both diluted with 
distilled water, preparatory to mixing ; the quantity of the diluted solutions, 
together, should be 8uflS.cient to cover the glass about one inch deep. 

An assistant pours off the water which has stood on the glass, while the op- 
tician quickly mixes the dilute silver and reducing solutions in a large pitcher or 
granite-ware bucket. The glass being horizontal, the mixed solution is immediately 
poured on, and the mirror is rocked slightly by means of the tilting frame. The 
liquid quickly changes to a transparent light-brown color, then dark brown, then 
black, after which the silver immediately begins to deposit. The solution gradually 
changes to a muddy-brown color, and in three or four minutes after the solutions 
are poured on the glass, begins to clear; the light muddy-brown precipitate 
settling upon the film. With the proportions given, the silver film should be 
sufficiently thick in about five minutes after the solutions are poured on the glass 
provided that the room, glass, and solutions are all at a temperature of sixty-eight 
degrees or seventy degrees Fahrenheit. When first formed the brown pre- 
cipitate is so light that it moves about with the rocking of the glass ; but it very 
soon deposits in large areas on the filna. As soon as this begins to occur, the solu- 
tion must be very quickly poured off the glass, an abundance of distilled water 
poured on, and a large bunch of absorbent cotton, held in the fingers, instantly 
used to displace all streaks of the precipitate which adhere to the film. The film 
is now washed again and again with fresh distilled water and a soft bunch of cot- 
ton ; then an abundance of water is poured on and the film allowed to soak for an 
hour. When this is poured off, the paper band is carefully removed, with the glass 
horizontal so that no liquid from the edge can run upon the silver film; this must 
he done quickly, before the latter has time to dry. A small amount of alcohol is 
now flowed on the film; this is repeated several times to get rid of all water; the 
glass is then turned on edge, and is quickly dried with a fan. 

After standing for an hour or two in a dry room the film is to be burnished. 
A soft pad as large as the hand is made of the softest chamois skin ; this is used oii 
the film without rouge, with light cii’cular strokes, to condense the silver. After 
two hours of this work a little of the finest washed dry jewelet-'^s rouge is* rubbed 
mix) the chamois-skin with a piece of clean absorbent cotton ; from thirty to sixty 
minutes use of the pad with the same stroke as before should uowbrin<r the film to 
a perfect polish, without scratches. ° 

If the back of the mirror is already silvered, the face can be silvered by the 
method just described, without injuring the film on the back; the mirror now rests 
upon three curved and beveled blocks of soft wood which touch only the rounded 
corner or edge of the back of the glass ; extra pi-ecautions are now taken to prevent 
any of the solution from touching the back. I regar<l this method as much better 
in the case of large mirrors than to attempt to silver both back and face at the same 
time m a deep tray; in the latter method the difficulties of hamlling and pi-operly 
cleaning the mirror are almost insurmountable. t i' j' 

The back of the mirror does not usually need silvering oftener than once in 
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three or four years. The face is usually silvered two or three times a year, to keep 
it in the finest condition for photography, iu which any yellowing of the film is 
very objectionable. 

CHAPTER XVI. 

A SUPPORT-SYSTEM FOR LARGE MIRRORS. 

The proper support of mirrors in their cells when in use in the telescope is a 
matter of vital importance. Small mirrors can be made very thick and can be sup- 
ported at their edges as a lens is supported; the cell must be so designed that no 
sensible change of position of the mirror in its cell can occur. The necessity of 
supporting large miivors in such a manner as to prevent flexure from their own 
weight, in all positions which can occur in use, has long been recognized, and elab- 
orate support-systems for this pui'pose have been devised and used by Rosse, Gruhb, 
Common, and others. Comparatively little attention has been given, however, to 
two additional requirements which are no less important ; first, the position of the 
mirrors in their cells should be defined with the greatest attainable stability, in 
order to secure permanence of adjustment or collimation ; second, the method of 
suppoi't should be such that the silvered back of the mirror is exposed to the air as 
freely as possible. It is assumed that a large mirror need never be turned farther 
than ninety degrees fiom the position in which it lies horizontal upon its back. 

In the Astrophysical Journal for February, 1897, the writer described a 
method of siippoi’ting large mirrors which fulfills all of the requirements named in 
the preceding paragiupU. £ have employed this method in the designs for the 
support-system of the 5-foot mirror. These designs are described and illustrated 
here. 

I . — Tlie Back-Suppoi't. 

Let us consider the miri’or to be divided into twelve imaginary segments 
of equal weight, as shown in Fig. 16, Plate viii. The back of the mirror rests, pri- 
marily, upon three strong bronze plates, each ten inches in diameter, represented by 
the double circles a Fig. 16 and at a Fig. 17, the center of each plate being exactly 
behind the center of weight of the corresponding segments ; these are called the 
stationary plates. The uppei' surface of each plate is flat and is ground to fit the 
flat back of the glass ; the lower surface is spherical, and is ground to fit the large 
spherical socket in which it rests. It will be noticed that these plates are near the 
edge of the mirror, in the outer ring of segments; the base of stable support is 
therefore large. It is evident that by properly designing these plates and their sup- 
ports we can fix with very great stability the plane of the mirror which rests directly 
upon them; there is no building out from the three primary points of support by 
means of intermediate levers and triangles, as in the older systems. 

The weight of the remaining nine segments of the mirror is just balanced by 
means of nine weighted levers, each of which is entirely independent of every 
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other, which lie in a plane parallel to the back of the mirror. One of these levers 
is shown in elevation at <?, Fig. 17, and in plan in Fig. 21. The positions of the 
nine levers are indicated by dotted crosses in Figs. 16 and 18. These levers are 
suspended between pivots screwed through lugs connected to the cell. The cone 
V)earings, shown in Fig. 21, are finely fitted, and are ground to reduce friction. The 
long arras of the levers carry adjustable lead weights (d Figs. 17 and 21) which are 
made in the form of plates, in order that they may occupy as little space as possible 
perpendicular to the plane of the inii ror ; the short arms of the levers are thus made 
to press against the backs of the cori'esponding segments through the medium of 
light plates of bronze represented by the single circles b Fig. 16 and at b Figs. 17 
and 21. 

The large mirror weighs very nearly 2000 pounds, so that each segment 
weighs 166-| pounds. With the cell in a horizontal position the lead weight on 
each arm is adjusted until it just balances a standard weight of 166-| pounds placed 
upon the plate on the short arm. This adjustment being completed the mirror is 
laid upon the support-system ; three-quarters of its weight is carried by the nine 
levers, leaving one quarter to be divided equally between the three heavy plates a. 
Thus each of the twelve segments is entirely supported at the back, independently 
of all of the other segments. !Now suppose that the edge-support, which will be 
described below, be introduced, and the entire system, with the glass, inclined in 
any direction and at any angle; all of the levers and weights retain the same posi- 
tion as before with reference to the glass, but they do not exert the same pressure, 
on account of the inclination ; so far as the back-support is concerned there will 
still be a perfect balance maintained in the case of each segment ; this is true Mdiat- 
ever point of the edge of the mirror becomes lowest— ^. e., in whatever direction 
the levers lie with respect to the vertical plane through the axis of figure of 
the niiiTor. 

It should be noticed that in the case of each of the twelve 10-inch supporting 
plates only a ring one inch wide around the edge is in contact with the glass; the 
part of each plate inside of this ring consists of deep, narrow ai-ms, which do not 
touch the glass, and which allows free access of air to the latter. 

For very large or thin mirrors a larger number of plates and levers can 
of course be used. An incidental advantage which occurs when this is done 
is that the base of stable support afforded by the three stationary plates is still 
larger, compai-ed with the size of the mirror, than when twelve plates are used. 

II . — The Edge-S'U'pport. 

The relation between the back-support and edge-support is so intimate that any 
inefficiency in the latter must injuriously affect the operation of the former, how- 
ever perfect that may be in itself. In an equatorial reflecting telescope, different 
parts of the edge of the mirror become successively lowest, as the position of the 
telescope changes. TV^ith the fl.exible band and cushioned edge-support so much 
used in the past, the heavy mirror necessarily changes its position, laterally, with 
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respect to its cell, in taking its position down against the edge-support; thus not 
only is permanence of position lost, but this tendency to lateral shift must impair 
the freedom of operation of the back-support system. 

In the present plan four metal arcs are used which rigorously define the posi- 
tion of the mirror laterally. Two of these arcs (e Figs, 16 and 17, and Fig. 19), 
adjacent to each other, are bolted down to the cell, and their inner edges are scraped 
to fit the ground edge of the glass ; these are called the stationary arcs ; the other 
two arcs (./Fig. 16 and Fig. 20), diametrically opposite the stationary ones, exert a 
slight pressure against the edge of the mirror, by means of springs, for the purpose 
of seating the miri'or against the stationary arcs and holding it there ; this pressure 
need amount to only a very small percentage of the mirror’s weight, for all 
of the lateral pi-essure due to the weight of the miiTor when the latter is inclined 
is carried by a strong metal counterpoising ring of T section (y Figs. 16 and 17) ; 
this completely encircles the edge of the mirror, and fits it loosely, a band of leather 
or thick felt i)aper being inserted between the ring and the glass. For convenience 
in description, imagine this ring to be suspended from the tube above, by means of 
three short wires, so that if the mii-ror were removed the ring could swing freely in 
its own plane. The ring is pressed up against the edge of the mirror, when the 
latter is inclined, by a system of twelve short weighted levers (h Figs. 16 and 17) 
which hang pe!-[>endicular to the plane of the ring. These levers are suspended 
from the cell-plate behiml the ring, by means of ball-and-socket joints, as shown 
in Fig. 17, oi‘ ])referably, to I’educe friction, on pivoted universal or Hooke’s 
joints. The ends of the short upper arms of these levers fit loosely into holes 
in the l ing ; the long lowei’ arms carry lead weights (?' Figs. 16 and 17) which are 
capable of slight adjustment. 

Assuming that tlie counterpoising ring weighs 400 pounds, so that the com- 
bined weight of ring and iniri'or is 2400 pounds, the adjustment of the edge- 
support levers is effected by turning the entire cell to a vertical plane, with the 
mirror and ring removed, and adjusting each of the twelve lead weights until it 
just balances a standard weight of 200 pounds Imng on the short arm of the lever 
at the point where this is to touch the ring. 

I regard the use of a support-system which will fulfill all of the conditions 
mentioned at the beginning of this chapter as absolutely essential for large mirrors. 
Only those who have tested large mirrors and combinations of mirrors in the opti- 
cal shop, and those who have actually used large reflecting telescopes, can fully 
appreciate the necessity of a sui)port-system which will both support the mirrors 
without constraint and flexure, and define their positions permanently with respect 
to the tube and axes, in all positions of the telescope. These conditions can now 
be attained easily and economically; without them it is folly on the one hand to 
expect good definition and successful photographs, or, on the other hand, to com- 
plain that the reflecting telescope is subject to serious inherent difficulties which 
cannot be overcome. In the case of large mirrors in which the ratio of thickness 
to diameter is not less than as 1 to 9 or 1 to 10 the support-system just described 
floats the mirror so perfectly in all positions which can occur in actual use that no 
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flexure or: distortion can be detected with the most sensitive optical tests. Fur- 
thermore, with the method of edge-support described, and in the case of the 5- 
foot mirror weighing a ton, no lateral shift amounting to inch can occur when 
the mirror is turned in extreme oblique positions. 

In Figs. 17 and 18 is shown the massive cell-plate of cast-iron which carries 
the mirror and its support-system, and which is connected to the short cast-iron sec- 
tion of the tube; this connection is made by means of strong adjusting screws, by 
means of which the mirror and its support-system, as a whole, are adjusted for 
collimating the mirror; these adjusting screws are shown at Fig. 18. Additional 
screws are also shown at 7 in this figure; these are backed out of the way wlien 
collimating is being done ; when this is finished they are brought into position, 
and assist in bolting the cell-plate rigidly to the tube. As is shown in Figs. 17 
and 18, the central part of the cell-plate, a cii'cle about 50 inches in diameter, con- 
sists of open ribs or arms which allow free access of air to the silvered back of the 
mirror. 

When the face of the mirror is to be resilvered, the cell-plate, support-system, 
and mirror are removed as a whole, and silvering is done in the manner described 
in the preceding chapter, without taking the mirror from its supports or disturbing 
the adjustments of the latter in any way. Furthermore, the mirror can be taken 
out of the telescope in this way, silvered, and replaced, without sensibly disturbing 
its collimation or the position of the focal plane. When the back of the niiriur 
must be resilvered, which need not be done oftener than once in three or foui* 
years, the glass must of course be removed from its support-system. 

This support-system, as described, may appear complicated and expensive; in 
reality it is not so, for all of the levers, plates, etc., used for the back-support can 
be exactly alike, as can also the levers used for edge-support ; even when a greater 
number of levers than twelve are used the construction is simple and economical. 

In Plate x is shown a 30-inch plane mirror supported at the back by twelve 
plates and nine levers as described above; the mirror is shown unsilvered, so that 
the plates are seen through 4 inches of glass. This is a i)art of the 30-inch ccelostat 
recently constructed from the writer’s designs in the instrument and optical shops 
of the Yerkes Observatory. 


OHAPTEE XYII. 

A MOUNTING FOR A LARGE REFLECTING TELESCOPE. 

In considering the requirements for a modern reflector mounting fm- photo- 
graphic and spectroscopic work, the writer can pi-obably not do beUer than to 
describe the designs for the proposed mounting of the 5-foot reflector. These 
designs are the result of experience both in optical work and in the use of the 2- 

fopt reflector and the 40-inch refractor of the Yerkes observatoiy in astronomical 
photography. 
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With the present great improvements in the rnateiials and methods of machine 
construction there is no longer any excuse for unstable and inconvenient mountings 
for reflectors. The focal length of modern reflectoi’s intended for photography is 
short; the ratio of aperture to focal length generally used in such insti’uments will 
pi'obably be not greater than as 1 to 4, nor less than as 1 to 6 ; with such 
ratios the mounting can be made extremely compact and rigid. By the addition of 
a small convex mirror the equivalent focal length can be increased from three and 
one-half to five times, and fine definition retained ; when this is done the actual 
length of the tube is less than when the telescope is used at the piimary focus. 

The reflecting telescope defines well only at or near the optical axis ; hence the 
mirrors ^nust remain in perfect adjustment with reference to each other and to the 
eyepiece or photographic plate, in all positions of the telescope which can occur in 
use. Not only must the mirror supports he such as to define the position of the 
miiTors rigorously always, as described in the preceding chapter, but the short 
tube must be excessivelj’^ strong and rigid so that no sensible flexure can occur. 
This is especially necessary when the telescope is used as a Cassegrain, or as a 
for when these forms are employed it is only when the axes of the paraboloid and 
hyperboloid coincide that fine definition can be secured. When the necessity of 
these conditions is fully realized by makers and users of reflectors, a marked ad- 
vance in the usefulness of reflecting telescopes will result. It was the lack of such 
rigidity and of such permanence of adjustments, fully as much as the lack of means 
of rigorously testing the optical surfaces, which made the old Cassegrain reflectors, 
including the great Melbourne instrument, such lamentable failures. I consider the 
failure of the Melbourne reflector to have been one of the greatest calamities in the 
histoiy of instrumental astronomy ; for by destroying confidence in the usefulness 
of great reflecting telescopes, it has hindered the development of this type of 
instrument, so wonderfully efficient in photographic and spectroscopic work, for 
nearly a third of a century. 

When the telescope is to be used for photography, either direct or spectro- 
scopic, it is indispensable that the mounting be so designed that reversal is not 
necessary when passing the meridian ; for it is frequently necessary to expose for 
six or eight houi’S without reversal, on faint objects; and the best part of such an 
exposure is that in which the celestial object is near the meridian. Sevei-al forms 
of reflector mounting have been devised in which reversal is not necessary ; the well- 
known English closed-fork mounting is one of them. 

In designing the proposed mounting of the 5-foot reflector of the YerkeS 
Obsei’vatory, of twenty-five feet focal length, the writer has adopted the form in 
which a short open fork is used at the upper end of the polar axis. The tube 
hangs between the arms of this fork, being carried on two massive trunnions; the 
heavy lower end of the tube is so short that it can swing through, between the 
arms of the fork, for motion in declination. 

The fork mounting presents several marked advantages with respect to com- 
pactness and stability,' as well as convenience and economy, over all forms which 
are modifications of the German equatorial mounting, in which the tube is carried 
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out at one side of the equatorial head. The tube, cariying the great weight of the 
mirror and its cell, is here supported at two opposite sides, instead of from one side 
only, as in the Grennan forms; no heavy counterpoises are required; this form is 
much better adapted for the covde arrangement of mirrors, so essential in work 
with very large spectroscopes, only three reflections in all being necessary for this 
arrangement; furthermore, when the instrument is used at the primary focus, the 
uppei' end of the tube is more easily accessible, in all positions of the instrument, 
from an observing carriage attached to the inside of the dome. 

The weight of the moving parts of the telescope will be about twenty tons. 
On account of this great weight, and also of the overhang of the fork above the 
bearings of the polar axis, an efficient anti-friction apparatus for the polar axis is 
demanded, which will at the same time relieve the effect of the overhanging weight 
of the upper end of the polar axis. The advantages afforded for this purpose by 
mercury flotation, when this is properly applied, are so great, and the mechanical 
details for such flotation work out so simply and economically, that this method 
will undoubtedly be used. 

The proposed mounting will now be briefly described in detail, and attention 
will be called to many points which are indispensable to the success of a reflecting 
telescope to be used for photography. 

The equatorial head consists of three iron castings, the triangular base-plate m, 
Plate XI, and the two posts and o, which carry the beai’ings for the polar axis. 
Both posts are hollow, with walls 1|- inch thick, and are bolted and pinned to the 
base casting ; the post n contains the large driving clock. 

The polar axis^ is of hydraulic-forged steel, with a head or flange <7, 48 inches 
in diameter and 7 inches thick, forged upon it ; the axis is 14 ], feet long over all, is 
20 inches in diameter for a distance of 2 feet below the head, and is 16 inches in 
diameter for the remaining Ilf feet of its length; the axis is hollow, with walls 
4 f inches thick. The bearings of the polar axis are of hard Babbitt metal, and are 
halved. 

Attached to the lower surface of the 4 -foot head of the polar axis is the large 
hollow disk or float 10 feet in diameter and 22-|- inches thick oi- deep ; this is 
constructed very strongly of angle steel covered with steel plates -g- incli thick; the 
whole is finished smooth on the outside, and is turned true in a lathe. The cor- 
responding trough 8 is of cast-iron and is turned ti ne on the inside. The inner sur- 
face of the trough is separated by f inch all around from the outer surface of the 
float; this space is filled with mercury. With the dimensions given the immersed 
pait'of the float displaces about 45 cubic feet of mercury, which thus floats about 
nineteen tons, or 95 per cent of the weight of the moving parts of the telescope. The 
center of flotation is vertically below the center of weight of the moving parts. 

Only three-quarters of a cubic foot of mercury is required to float nineteen'^tons in 
this manner. 

The importance in astronomical photography of the smoothness of motion 
afforded by really efficient flotation of the moving parts cannot be overestimated. 
The great size of the worm-wheel t which rotates the polar axis, will materially 
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assist in giving sniootliiiess and accuracy of driving; tbis worm-wbeel is 10 feet in 
diameter. 

Attaclied to the upper surface of the 4-foot head of the polar axis, by means of 
a circle of 2-iuch holts, is the large cast-iron fork u, different views of which are 
sliown in Plate xi and Fig. 22, Plate xn. The extreme outside width of this fork 
is 8|- feet; it is ot liollow or box section, with walls averaging inches thick; it 
weiglis about live tons. 

Between the two arms of the fork hangs the short round cast-iron section ^ of 
the tube ; two 7-iuch steel ti-iiuuions, having large heads or flanges, are bolted to 
this casting, and turn in l)ron/e bearings at tlie upper ends of the fork arms; this 
part oP the tube is 4<i inches long; its inside diameter is 70 inches; its thickness is 
1 inch; it is reinfoi‘<'e(l at top :uid bottom by flanges. To the lower flange is con- 
nected the cell-plat(i (d(‘sci-ibed in the preceding chapter) which carries the large 
mirror and its su[)port-system. 

To the upper lljuigct of tln^ short cast-iron section of the tube is bolted a strong 
east-iron ring which forms the lower end of the main or permanent section of the 
octagonal skeleton tnlx';; this section is 13 feet 11 inches long, and 6 feet 8 inches 
outside (diagonal) <liainet(n’. It is constructed of eight 4-inch steel tubes, connected 
by strong rings (lesigiuxl to resist ex>m|)ression ; diagonal braces, which are connected 
together at all interse(rtions, greatly increase the rigidity of the structure. This 
entire section is so rigid tha,t it can be placed in-a large lathe for facing the ends 
parallel to ciach other, .ami for turning a slight recess in the ends for the purpose of 
aeeurately centering the ])art8 which .are to be connected to them. 

To th(! uppeu' end of the permanent section of the skeleton tube can be attached 
any one of three short extension tubes or frames, as desired; two of these are shown 
in Plate XT, Tlu! lowei' end of each extension is turned true, with a projecting ring 
which (its into the tiiriuHl i-ee.ess in the upper end of the permanent section. With 
this arrangement, tin*, various extensions can be removed and replaced without sen- 
sibly affecting adjustments of the mirrors and other apparatus which they caiTy, 
with r(vferenc<‘. to the opti(xal a,.\is ol: the large mirror. 

Thc! e,\t(msiou whi(*h is shown in place on the telescope in Platexiandin Fig. 
23, Plate xn, is tln^ longest one; it is 0 feet 11 inches long; it is used for all woik 
at the primary focus of the telescope; it carries the diagonal plane mirror and its 
su[)port8, and the eye[)iece and double-slide plate-carrier. This extension can be 
rotated upon the turned <md of the permanent section, so that the eyepiece or pho- 
tographic ai)paratus can be brought to the side of the tube which is most con- 
venient for ol)S(irving <>r photographing a given object. The diagonal plane miijor 
is of the finest optical glass, is elliptical in outline, is 15x22 inches in size, and is 
3-i- inches thick: it is carried in a strong cast-iron cell, which is supported from the 
skeleton tube by four thin steel plates, as shown in Plate xi. The diagonal plane 
mirror is sufficiently large to fully illuminate a field 7 inches in diameter at the 
primai’y focus. Xlic double-slide phxtc-carrier is designed for 6-^x8*^inc p o 

graphic plates. ^ ^ j. i ^ 

The other two extensions of the tube, which are only about 2 feet long, 



50 


THE MODEBIT 3?aErPi:/EOn]S‘G TELESCOPE. 


employed when the telescope is used as a Cassegrain and as a c<mde respectively ; 
each carries a convex mirror 19 inches in diameter and 3-^ inches thick, of the finest 
optical glass, and of the proper curvature for the purpose desired. 

Figs. 24 and 25, Plate xii, show the telescope used as a Cassegrain. In these 
cases the amount of amplification introduced by the convex mirror is about 3^ 
diameters (see p. 38) ; the equivalent focal length is therefore about 87-|^ feet, 
and the ratio of aperture to focal length as 1 to 17^. Fig. 24 shows the telescope 
as used for direct photography with the double-slide plate-cariier at the secondary 
focus. In Fig. 25 a specti-ograph similar to the large Bruce spectrograph of the 
Yerkes Observatoiy is shown attached to the north side of the short cast-iron sec- 
tion of the tube ; this affords a most stable base of support for the spectrograph, 
at a point where it can be easily counterpoised. 

Figs. 26 and 27, Plate xii, illustrate the use of the telescope as a c&ude; the 
curvature of the convex mirror is now such that the equivalent focal length is 
about 125 feet. The cone of rays from the convex mirror strikes a diagonal plane 
mirror at the intersection of the polar and declination axes, and is by it reflected 
in acoiutant direction, which can be toward either the north or south pole of the 
heavens, as desired. I his ari'angeiuent is almost indispensable when extremely 
large and powerful spectroscopes and other kinds of physical apparatus are to be 
used with the telescope; the focus is now in a constant position, so that such 
instruments need not be attached to the telescope, but can be mounted on station- 
ai-y piers, in constant temperature rooms, if desired. 

A brief description of the luechauisra for quick-motion and slow-motion in 
right ascension and declination should be given. These are planned to be entirely 
electrical, although hand-motions are added, to be used in case of an emergency. 
Quick-motion in right ascension, both east and west, is given by the reversible 
motor ; this is connected by gearing to the large bevel-gear x through the 
mediiira of an electric clutch y. The bevel-gear x is permanently fixed to the 
polar axis. When the switch which starts the motor is thrown in, the electric 
clutch y acts, and a motion of rotation is communicated to the polar axis; this 
rotation is only at the rate of 45 degrees per minute; this is sufficient, since 
reversal is never necessary ; hence very little power is required. The clutch is so 
adjusted that it will slip when even slight undue resistance is encountered. When 
the current is shut oft* from the motor the clutch is released automatically; the 
polar axis is then free from the motor and gear-train. 

Quick-motion in declination is given in a manner entirely similar to that in 
right ascension, by a small reversible motor attached directly to the large cast-iron 
fork ; this motor drives, through the media of a gear-train and an electric clutch, 
the toothed sector s, which is permanently fixed to the cast-iron section of the tube! 

The driving-clock and 10-foot worm-wheel are “clamped in” to the polar axis, 
when desired, by the electric clamps j which lock the 10-foot worm-wheel to the 

bevel-gear x; the former is of course free to turn on the polar axis when not thus 
clamped. 

Slow-motion in right ascension is given by means of a small reversible motor 
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which acts on a set of dift'erential gears in tlie shafting connecting the driving-clock 
and the driving-worm. This device is used on the 2-foot reflector and on the 
30-inch ccelostat, and is extremely simple and effective. 

Slow-motion in declination is given by means of a small I'eversible motor 
which acts on the long sector attached to the upper trunnion shown in Fig. 22, 
Plate xn. 

In concluding this necessarily brief and incomplete description of a modern 
reflector mounting, attention should be called to an attachment which is absolutely 
indispensable for the best results in direct photography of all celestial objects 
requiring long exposure. I refer to the double-slide plate-carrier, by means of 
which hand-guiding or coriecting for the incessant small irregular movements of 
the image, which are nearly always visible in large telescopes, can be done incom- 
parably more accurately and quickly than by any other means now known. This 
device is due to Dr. Common, who described it in Montldy Notices., Vol. 49, j). 297. 
In 1900 the writer designed and constructed a small attachment of this kind for 
use with the 40-inch refractor and the 2-f<K)t reflector; this attachment and its use 
are described i!i the Astrophysical Joiirnaliov December 1900, p. 355. 

The photograph of the central parts of tlie Andromeda Nebula (Plate i), was 
made by the writer with this small plate-carrier attached to the 2-foot reflector. 
The exposure time in this case was four lioiii's. The images of tlie fainter stars on 
the original negative are only 2 seconds of arc in diameter; stars are shown which 
are more than a magnitude fainter than the faintest stars which can be detected 
visually with the 40-inch refractor; intricate structure and details are shown in 
the nebulosity, which are entirely invisible with the 40-inch refractor and all other 
visual instruments, and which have nevei* been photographed before. When it is 
remembered that the focal lengtli of the 2-foot reflector is only 93 inches, and that 
the a[)erture was in this case reduced to 18 inches, in order to secure a larger field 
than is well covei’cd wlien tlie full aperture is used, some idea can be gained of 
the results which could now be obtained in cidestial [)hotography with a modern 
reflecting tehiscope which would compare in size, cost, and refinement of woikman- 
sbi[> with tlu^ great modern refractoi's. 

In Plate xni is shown tlu; large double-slide [date-carrier, taking 8 x 10 inch 
[)lates, which was constructed from the writer’s designs in 1901, for use with the 
40-inch refractor ; the [ilate-cai’rier is here shown connected to the eye-end of the 
great telesco[>e. A description of this attachment, together with some [ihotographs 
obtained with it, will be found in the PuJ}K<ntU>n.'< of tJhc Yeclms Observatory, 
Vol. II, p. 389. 



